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Calibration of Eccentric and Segmental 


Orifices in 4 and 6-In. Pipe Lines 


By S. R. BEITLER?! anv D. J. MASSON,? COLUMBUS, OHIO 


-This is a preliminary report of a Subcommittee on 
Eccentric and Segmental Orifices of the Special Research 
Committee on Fluid Meters on the Calibration of Eccen- 
tric and Segmental Orifices. It describes the method used 
in calibrating orifices in 4 and 6-in. pipe lines and gives 
the results of the calibration which are available at this 
time. This program is only in its early stage and as a 
result, about 50 per cent of the work has been done. 


~ HE standard primary devices used for flow measurement 
in pipe lines are Venturi tubes, flow nozzles, and sharp- 
edged concentric orifices. These devices have all been 
described adequately, and a great deal of research work has been 
carried out to determine their flow characteristics and co- 
efficients of discharge. The results of these researches have been 
published by the Society and other interested groups, and the 
analysis of the results of the researches have been made into 
suggested standards for computing flow measurement, using 
the devices mentioned. 

In many cases where the fluids to be measured are nonhomo- 
geneous, the standard measuring devices have certain drawbacks 
which make other metering elements more desirable. Two of 
these elements are sharp-edged orifices. One is the form in which 
a round orifice is made in a plate in such a way that one edge of 
the orifice is practically tangent to the wall of the pipe line, so 
that there is no obstruction to flow on one side of the pipe line. 
This can be used then for a vapor or gas carrying some liquid, 
or a liquid carrying some solids, if the edge of the orifice is flush 
with the bottom of the pipe line. The extraneous material 
will then pass through the orifice without building up in front 
of the orifice plate. If the extraneous material is a gas in a liquid, 
the tangential side is put at the top of the pipe, and the gas will 
pass through without altering materially the flow condition. 

A second device is an orifice plate with an orifice in the shape 
of a segment of the pipe into which it is to be inserted. This 
type is ordinarily used only when the impurities in the flowing 
stream are heavier than the main material being measured, so 
that. the opening is at the bottom of the pipe. This orifice is 
made with a segment circle diameter—approximately 97 or 98 
per cent of the diameter of the pipe—and the area varied by 
altering the height of the segmental opening. 

It has been thought probable that these devices can be designed 
and manufactured so that their coefficients of discharge can be 
predicted and that they will be almost as satisfactory for accurate 
flow measurement as are the concentric orifices. With this idea 
in mind, the Fluid Meters Committee has set up a calibration 
program to determine the values of the coefficients of discharge 
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for these primary elements over a wide range of pipe sizes, area 
ratios, and rates of flow, so as to be able to publish tables of co- 
efficients for these primary elements similar to those available for 
nozzles and concentric orifices. The program was started early 
in 1948, and the work is almost completed on orifices in a 4-in. 
pipe line. 

In addition to the foregoing, the Bailey Meter Company, in 
1945 and 1946, supported a research program covering the same 
sort of investigation on similar orifices in 6-in. pipes, and the 
results of this investigation have been made available to the 
committee and are presented as a part of this paper. 

It should be emphasized at this point that the results pre- 
sented in this paper are not the final results, and that they are 
presented at this time in order to make the preliminary results of 
this investigation available to meter users as rapidly as they are se- 
cured. Itis probable that when the results of calibration of similar 
orifices in larger pipe lines are available, the curves presented 
for 4 and 6-in. lines will be modified in order that a consistent 
set of curves covering all pipe sizes can be plotted. Experience 
in analyzing the results on concentric orifices and flow nozzles 
has shown that within the limits of ordinary measurement ac- 
curacy, it is possible to determine the variation of coefficients of 
discharge with pipe size, area ratio, and Reynolds number, so 
that a series of curves or an empirical formula can be set:up 
which will represent the results of the researches. It is planned 
that this will be done as soon as the data taken cover a wide 
enough range to make it possible. No attempt has been made to 
correlate the effect of pipe sizes in the curves given in this paper, 
since only two pipe sizes are available, and they do not cover 
a very wide range of pipe diameters. 

At the time of presentation of this paper, the 4in. work was 
nearing completion, and it was planned to make a start on cali- 
brating the orifices in a 10-in. pipe line. In order to complete 
the program, it is also planned to do work with a 14-in. pipe 
line. It is thought that if the range of from 4-in. to 14-in, sizes 
is covered completely, it will be possible to extrapolate the data 
for larger-sized lines, and at present it is not believed that these 
orifices will be very satisfactory for lines under 4 in. diam. 

Arrangements have been made with the Research Foundation 
and the Engineering Experiment Station at The Ohio State Uni- 
versity to carry out this research at a cost to the committee for 
the labor only, the university furnishing all space and power 
requirements, so that a considerable saving has been effected in 
this operation. 


MetTuHop or TESTING 


The piping and the manometers which had been constructed 
at the university for calibration of concentric orifices and nozzles 
were already available and were used for this test work. The 
orifice plates which have been used to date are made of !/j.-in. 
monel metal and in all cases the orifices are bored with a sharp 
edge upstream and the downstream edge beveled to 1/53. in. 
edge thickness. Pins in the upstream face of the orifice, about. 
1/1, in. diam., are riveted to the orifice in such a way that they 
locate the orifice exactly in the upstream pipe section. The 
orifice is mounted between flanges which are doweled so that the 
inlet and outlet pipes are lined up as accurately as possible. 
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This means that when the orifice is clamped between flanges, it is 
then correctly located with respect to both upstream and down- 
stream pipe sections. 

The testing sections are made of standard pipe which is cleaned 
at regular intervals to keep the pipe surface as nearly constant 
as possible, These pipes were chosen from standard 4 and 6-in. 
pipe sections which were commercially round and smooth. The 
pipe lines were erected in such a way that there were at least 40 
diameters of straight pipe ahead of the meter flange, and straighten- 
ing vanes were mounted ahead of the 40-diam meter run so as to 
provide smooth straight flow to the orifices. It is probable that 
the velocity profile ahead of the orifice is very close to that which 
is considered normal for turbulent pipe flow. Pressure taps were 
made at 1 pipe diam and 1 in. upstream from the orifice plate, 
and at tenths of diameters downstream from the orifice plate, 
with a tap 1 in. downstream and one approximately 8 pipe diam 
downstream—the latter to measure the head loss in the orifice. 
An additional tap was placed well upstream in the 4in. line 
in an attempt to measure the pipe friction factor, f, to see if it is 
possible to correlate the coefficient of discharge with this friction 
factor. 

The manometers used which cover a range of from 1 in. of 
water to about 45 in. of mercury have been described. The 
method of making the tests is also covered in the same bulletin, 
and, since it is standard hydraulic testing procedure, it will not be 
repeated here. 

In general, the results of the testing have been relatively con- 
sistent for each orifice, and the computations which have all been 
checked, indicate that the results to date are as satisfactory as can 
be expected for the limited range of data. 


LocaATION oP VENA CONTRACTA 


Tn all cases enough readings were taken along the downstream 
pipe section to determine experimentally the location of the 
vena contracta. It can be noted that the location of the vena 
contracta differs from that for concentric orifices. In all cases 
the vena contracta for eccentric and segmental orifices is farther 
downstream for the higher diameter ratios. For diameter ratios 
of less than 0.5, it is probable that the vena contracta is somewhat 
farther downstream than indicated in Fig. 1. However, the pres- 


3 “The Flow of Water Through Orifices,’”’ by 8S. R. Beitler, The Ohio 
State University Engineering Experiment Station Bulletin no. 89, 
May, 1935. 
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sure curves below the orifices were so flat that it was difficult to 
determine exactly where they had their lowest value. 


Meruop or ANALYSIS 


Fig. 2 shows the method of analysis used in plotting Figs. 3 
to 8, inclusive. After the test runs were completed the results 
were calculated. A curve showing the variation of coefficient of 
discharge with 1/(Reynolds number)’/? was then plotted for each 
eccentric orifice, A sample curve is shown in the lower part 
of Fig. 2. A straight line was then drawn through the series of 
points with the slope indicated by the arrangement of the test 
points. A point read from the curve at a value of (1 over the 
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Fig. 2 CaiBraTion or 4-In. Eccentric Oririce No. 80152; 
8 = 0.70; Conrricient or DiscHARGE Versus REYNoLps NUMBER 
(November 13, 1948.) 


square root of the Reynolds number) of 0.002 for each orifice was | 
then plotted against diameter ratio, and a smooth curve drawn | 
through these points. The slope of the straight line was also | 
plotted against diameter ratio, and another smooth curve drawn 
through the slope points. A second line was then drawn on the 
original curve going through the point indicated on the smooth 
curve and with the slope indicated from the slope curve. 
This curve was then replotted as shown at the top of Fig. 2. In 
most cases the curves determined by the cross-plotting process 
fitted the points as closely as did the ones put in by eye. 

For the segmental orifices the test points were plotted as shown 
at the top of Fig. 2, and a curve drawn in, attempting to fit 
the points as closely as possible. These were then cross-plotted 
for several different values of Reynolds numbers and a smooth- 
ing process carried out. 

The curves in Figs. 3 to 14, inclusive, are the final results of 
these cross-plotting methods. 


RESULTS 


Figs. 13 and 14 are the summary curves for all of the orifices 
tested to date and include curves of concentric orifices (taken 
from Part 1 of the “Fluid Meters Report”) for comparative pur- 
poses. Fig. 18 is for orifices with vena-contracta taps and Fig. 
14 for orifices with flange taps. Both of these curves have been 
plotted for a fixed value of the Reynolds number at the orifice of 
2.5 X 10%. This value of Reynolds number was chosen because 
practically all of the orifices used had actual data at this Reynolds 
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BEITLER, MASSON—CALIBRATION OF ECCENTRIC AND SEGMENTAL ORIFICES IN PIPE LINES 


number, and it was not necessary to make any extrapolations. It 
will be noted that for diameter ratios of less than 70 per cent, the 
curves for the concentric orifices in Fig. 13 have the lowest values 
of the coefficients of discharge. There is also a relatively small 
change in coefficients with pipe size for the larger-diameter- 
ratio concentric orifices. 

In calibrating the eccentric orifices, the 4-in-line tests have 
been made with the high side of the orifice in line with the taps 
and with the taps at 90 deg from the high side ; while those in 
the 6-in. line were made with the taps on the high side only. 

It will be noted that for diameter ratios of below 50 per cent 
there is practically no difference (i.e., less than 1 per cent) between 
the eccentric orifices in both pipe sizes and both tap locations, and 
that the coefficients appear to be about 3 per cent higher 
than that of a similar-diameter-ratio concentric orifice. For the 
larger diameter ratios, however, there is considerable difference be- 
tween the 4-in. and the 6-in. eccentric-orifice curves; the coefficient 
values for the 4-in. orifices with vena-contracta taps on the high 
- side continue to rise with diameter ratio, while the 6-in. eccentric- 
orifice coefficients fall slightly as the ratio increases. The co- 
efficients of 4-in. eccentric orifices with taps at 90 deg fall between 
the other eccentric-orifice curves. It is probable that the high 
coefficients for the eccentric orifices is caused by the pipe wall 
being close to the side of the orifice, so that on one side of the 
orifice there is less reduction in area of the high-velocity stream at 
the vena contracta. 

The sezmental orifices show a somewhat different trend, the 
coefficient being about 8 per cent higher than that of the concentric 
orifice for the 4-in. line below 50 per cent diameter ratio, and 
apparently falling off very rapidly for the higher diameter ratios. 
The data for the 4-in. segmental orifices are not complete for the 
high diameter ratios. 

The 6-inch segmental orifices were not tested below 0.5 diam- 
eter ratio and, as a result, no curve has been drawn below this 
point. It would appear from the data that it would fall parallel 
to the 4-in. curve, but about 5 per cent below it. 

The curves for the flange taps, Fig. 14, have the same general 
arrangement as do the curves in Fig. 18. However, it will be 
noted that for these taps, the effect of rotating the location of the 
_ pressure tap on the eccentric orifices is practically negligible over 
the whole range of diameter ratios. This would seem to indicate 
that the difference in coefficients between the eccentric and con- 
centric orifices is due entirely to the change in flow shape when 
the pressure taps are the same distance down the pipe. The 
eccentric and segmental curves differ by about the same per- 
centage in both Figs. 18 and 14. However, the 6-in. eccentric 
orifices with flange taps show a greater drop in coefficient with 
diameter ratio than did the ones with vena-contracta taps. It 
would appear that possibly the 4-in. segmental curve will come 
tangent to the 6-in. segmental curve for the high diameter ratios. 
However, this cannot be predicted exactly, since this is an extra- 
polation, and the shape of the curve may be changed considerably 
by additional data. 

Figs. 3 to 12, inclusive, are the individual plots of the various 
types and sizes of orifices in which the coefficient of discharge has 
been plotted against the diameter ratio for various values of the 
Reynolds number. It will be noted that in Fig. 3 the curves have 
about the same arrangement as for those for the concentric 
orifices, the coefficient decreasing as the Reynolds number in- 
creases for all diameter ratios. The same is true for Figs. 4, 5, 
6, and 7. For Fig. 8 the 6-in. eccentric orifices with flange 
taps for diameter ratios of less than 70 per cent, the dependence 
of the coefficients on Reynolds numbers is very small, and for 
Reynolds-number values over 2 X 105 the coefficients appear to be 
practically constant. In Fig. 7 it will be noted that the same 
thing is true for the vena-contracta taps with the 6-in. orifices, and 
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it will also be noted that the curve for Reynolds number of 2 X 
10° is drawn with two values for all diameter ratios above 60 per 
cent. This particular series of orifices indicated a spread of 
about 1 per cent total at 85 per cent diameter ratio and high 
Reynolds numbers. The dotted curve which is the average of 
the other curves probably represents the predicted coefficient 
within the limits of accuracy of prediction for this high a diameter 
ratio. 

Figs. 9 and 10, for the segmental orifices in the 4-in. line, indi- 
cate the normally expected trend for this type of orifice. It will 
be noticed that for diameter ratios of less than 50 per cent, the 
coefficient varies inversely as the Reynolds number for a given 
diameter ratio, while for over 50 per cent the slope in the curves 
is reversed and they vary directly as the Reynolds number. This 
tendency has been noticed in many cases with segmental orifice 
shapes and is probably due to the fact that as the area ratio 
increases, the shape of the stream leaving the orifice becomes more 
and more similar to the shape of a stream from a nozzle, so that 
the coefficient would tend to increase with an increase of Rey- 
nolds number rather than decrease as an ordinary orifice does. 
Since these curves are a relatively small part of the ordinary range 
of use, it is difficult to predict how they will behave for the higher 
diameter ratios. 

Figs. 11 and 12, for the 6-in. segmental orifices, are plotted only 
for diameter ratios greater than 50 per cent, and so in all cases 
indicate that the coefficient increases as the Reynolds number 
increases. It is possible that a reanalysis of the data on the 
6-in. size based upon the complete results of the 4-in. will change 
the shape of these curves considerably. 


CoNncLUSION 


In conclusion, it should be reiterated that these curves are 
probably different in shape and absolute value from the curves 
which ultimately will be given for this particular type of orifice. 
However, it is believed that coefficients taken from these curves 
will be within the range of commercial reproducibility of orifices 
in these pipe sizes, diameter ratios, and Reynolds-number ranges, 
providing no attempt is made to extrapolate the data to other 
sizes. This material is of sufficient importance to justify its 
preliminary dissemination at this time, so that some data on these 
types of orifices may be available. 
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Discussion 


A.P.Coxsurn.! Because of the convenience of using eccentric 
or segmental orifices where liquids may carry entrained air or 
where gases may earry entrained liquid, these new data are very 


welcome. It may be of interest to compare these results with 


4 Assistant to the President, University of Delaware, Newark, 
Del. Mem. ASME. 
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Fic. 16 Typ or Frow Occurrinc THROUGH AN EcceNnTRIC ORIFICE 
(Conditions: Slurry of aluminum powder and water flowing in a channel 1 in. deep covered by a glass plate and photographed by reflected light.) | 


Coefficient of Discharge 


fe) J-inch eccentric orifice 


06-inch eccentric orifice 


0.60 
2000 3000 10,000 


Reynolds Number 


30,000 100,000 
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q 


some obtained at the University of Delaware. These resul 4 
may be summarized as follows: 


1 Data were obtained for flow of water in a 2-in, steel pipej 


with eccentric orifices of 1.0 and 0.6 in. diam, over a range of 
Reynolds numbers (based on orifice diameter) from 4000 to 
80,000. Above 20,000, the values of orifice coefficients (corrected) 
for velocity of approach) averaged 0.65, compared with the usua 
value of around 0.62 for concentric orifices of the same orifice 

to-pipe diameter ratios. Data at these and other Reynolds 
numbers are shown in Fig. 15, herewith. The orifices used were 
made of !/3-in. sheet steel, beveled 60 deg to a depth of 3/3. in. on 
the downstream side, and were located just tangent to the inside 
wall of the pipe. 

2 No difference in reading was observed within a range of 
downstream manometer tap locations of from 0.7 to 1.5 pipe diam 4 
The upstream tap was about 1 pipe diam from the upstrea | 
face of the orifice. The taps were located in the bottom of the 
pipe, thus being opposite from the eccentric-orifice location. 

3 Visual studies in a special two-dimensional rig supported 
these results qualitatively by indicating less contraction than for 
concentric orifices and a wider range of nearly constant contrac- 
tion, as can be seen from the view in Fig. 16 of this discussion. 


5 “Fundamental Studies of Eccentric Orifices,’”’ by E. B. Taylor 
B.Ch.E. thesis, University of Delware, 1942. 


Critical Flow Through Sharp-Edged Orifices’ * 


By J. A. PERRY, JR.,2 CHICAGO, ILL. 


An investigation was made to discover the flow rates of 
air through sharp-edged orifices in which the pressure 
drop was below the critical; the relationship of pressure, 
temperature, and orifice area; and a comparison between 
the nozzle and the orifice. Equations are derived for ex- 
pressing orifice flow in both the critical and subcritical 
regions. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = orifice area, sq in. 
a = orifice area, sq ft 
C, = discharge coefficient (as applied to equation given by 
Bean, Buckingham, and Murphy) 
= orifice diameter, in. 
= acceleration of gravity; 32.17 ft per sec per sec 
ratio of specific heats; 1.4 for air 
= coefficient of discharge 
coefficient of discharge 
1 = pressure, upstream to test orifice, psia 
pressure, downstream to test orifice, psia 
= pressure, psf 
= volumetric flow, cfm 
= gas constant; 53.3 for air 
= Reynolds number 
= pressure ratio, P2/P 
temperature ahead of test orifice, deg R 
= velocity, fps 
= expansion factor 
= ratio of orifice diameter to pipe diameter 
= density, lb per cu ft 


wVT 
AP, 
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A ”’ sec in. 
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INTRODUCTION 


Critical flow is defined as the flow of a compressible fluid 
through a distance during which the pressure drops below the 
critical pressure. The critical pressure of a compressible fluid 
may be defined as the minimum pressure which can be obtained 
in a fluid stream at the smallest cross section of the passage 
(throat) through which the fluid is flowing for any given up- 
stream pressure. The ratio of this minimum pressure in the 
throat to the upstream pressure is practically constant for any 
given fluid. It has been found to be 0.49 for monotomic gases, 
0.53 for diatomic gases, and slightly higher for gases of greater 


1 This research was the subject of a thesis submitted by the author 
in partial fulfillment of the requirements for the degree of Master of 
Science in Mechanical Engineering in the Graduate School of Illinois 
Institute of Technology. ; 

2Graduate Student, Illinois Institute of Technology. Jun. 
ASME. : : 

Contributed by the Research Committee on Fluid Meters and pre- 
sented at the Annual Meeting, New York, N. Y., November 28- 
December 3, 1948. of THe American Society oF MEcHANICAL 
ENGINEERS. Lage 
Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-146. 


atomic complexity. When the cond tions of critical flow have 
been reached, it can be shown that the velocity at the throat is 
equal to the velocity of sound at the temperature in the throat. 
Hence for air, which was the only gas with which the author ex- 
perimented, critical flow is flow during which the pressure ratio 7, 
or the ratio of the downstream pressure to the upstream pressure, 
varies between r = 0.53 andr = 0. Subcritical flow is flow dur- 
ing which the pressure ratio varies between r = 1.0 andr = 0.53. 

Because of the fact that for a given upstream pressure, the 
throat pressure cannot change at pressure ratios less than the 
critical, it is found that for the case of an ideal nozzle, the mass 
flow reaches a maximum after which no decrease in pressure be~ 
yond the throat can alter the flow. Actual nozzles have been in- 
vestigated which follow ideal flow within 1 per cent. 

It has long been known that the flow of a gas through a sharp- 
edged orifice (also known as square-edged, thin-plate, etc.) does 
not follow the ideal flow law as does flow through a nozzle. Per- 
haps the most remarkable difference is found in the critical-flow 
range where investigations of the author have shown that the 
flow not only is not constant at pressure ratios below the critical 
but actually increases to a maximum of about 13.7 per cent. 
This phenomenon is due to the fact that, unlike a nozzle, the 
efflux is unconfined. Thus, while the velocities are those ob- 
tained by an adiabatic expansion, the area of the jet is free 
to change. Stanton (1)? showed that as the pressure sur- 
rounding the free jet decreases, the cross-sectional area of the 
jet increases. In a liquid the area of the jet is essentially a 
constant. 

The purpose of this paper is not only to supply information 
about the critical-flow range, but also to supplement existing data 
which have been published about flow in the subcritical-flow 
range. The ASME Research Committee on Fluid Meters has 
published detailed reports concerning subcritical flow (2). Prob- 
ably because of the limited demand, all coefficients and expansion 
factors relate to diameter ratios 8, of 0.1 and above. The author 
investigated orifices of diameter ratios as low as 0.0757, 


Test MrrnHops 


The apparatus was set up with two orifices in series as shown in 
Fig. 1. The first orifice was used for measuring the flow rate, and 
the second orifice was the test orifice. As was previously stated, 
the subcritical range of flow has been investigated thoroughly; 
and by following the instructions laid down by the ASME (2), 
it is possible to construct a measuring orifice whose accuracy is 
within the limits desired for this test. 

As it was desired to carry out all tests with a negligible velocity 
of approach, the first step was to select the diameter of the cham- 
ber preceding the test orifice. It was decided that a 1/,-in. orifice 
was the largest size that would accomodate the capacity of the 
compressor available and still maintain a head pressure on the 
test orifice of over 100 psia. By using 2-in. pipe (actual internal 
diameter equal to 2.067 in.), the diameter ratio 6, would be 
0.1209 and the velocity of approach factor 


\ 1 
1 — p! 


would be about 1.0001, or, for purposes of the experiment, negli- 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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gible. Therefore 2-in. pipe was thought to be entirely satis- 
factory. 


The next step was to select the position of the pressure taps. 
Pipe taps‘ were chosen because they give the permanent pressure 
loss. This way it might be possible to apply the results to a very 
large chamber separated by a plate containing a small orifice, or 
perhaps even to a theoretical analysis where it might be desirable 
to assume an upstream and downstream chamber of infinite 
diameter. Actually, the question of taps becomes of minor im- 
portance when working with small diameter ratios. The flow- 
meter handbook (8) indicates that for 6 = 0.1 the difference in 
flow for two setups, one with pipe taps and the other with flange 
taps or vena-contracta taps, all reading the same d fferential 
pressure, would be about 1/2 per cent. 

The orifice plates were made from stainless steel. The holes 
were drilled and reamed. The excess material on the downstream 
side of the hole was removed with a large drill. The right angle 
on the upstream face was obtained by hand polishing with a very 
fine stone. The finished plates were measured with plug gages. 
A drawing showing the method of construction of the orifice 
plates appears in Fig. 2. 

Table 1 gives the orifices which were used for the tests. 


TABLE 1 ORIFICES USED IN TESTS 
Identification Diameter, Diameter 
letter in. ratio 
F 0.2500 0.1209 
J 0.2186 0.1058 
L 0.2040 0.0986 
M 0.1877 0.0908 
Q 0.1564 0.0757 


All gages used were quality test gages. These gages were 
checked on dead-weight gage testers at least once a day during 
the tests. 

Two mercury thermometers were used to measure the tem- 
peratures ahead of each orifice (see Fig. 1). 

A 60-in. cistern-type mercury manometer was used to measure 
the differential pressure across the measuring orifice. 


4 Pipe taps are positioned so that one tap is 21/2 pipe diam from the 
upstream face and the other 8 diam from the downstream face. 
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A reciprocating-steam-engine-driven air compressor with a |} 
This dis-' 


capacity of 50 cfm supplied the high-pressure air. 
charged directly into a large storage tank, and it was possible to 
obtain steady pressures for long periods of time. All air was used 


at the temperature of the compressor discharge which varied be- 


tween 80 and 100 F. No arrangements were made to vary the air 
temperature. No correction was made for humidity. 
The tests were run as follows: 


desired pressures above and below the test orifice, P; and Pe, were 


obtained. These were recorded and immediately afterward the || 
pressure and temperature above the measuring orifice, the differ- || 
ential pressure across the measuring orifice, and the temperature | 
ahead of the test orifice, were recorded. By using the methods || 
outlined by the ASME (2), the flow rate through the measuring \| 


orifice was determined and applied to the test orifice. 


The orifices were placed in | | 
series as Shown in Fig. 1. By means of regulating the valves, the | 
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Txst REesuuts 


To begin a description of the tests, it will be necessary to ex- 
plain the two flow factors that are ced by the author, = and Q. 
Flow through an orifice is found to be a function of the fow area, 
the Reynolds number, the diameter ratio, the pipe diameter, the 
specific-heat ratio, ie head pressure, ite back pressure, and the 
absolute temperature; thus 


Ww = f(A, Re, B, D5, n, Pi, P», 19) 


The effect of the Reynolds number tends to become constant 
above Re = 100,000, and all tests were run abovethis number; 
it will be shown that at very small diameter ratios the effect of 
the diameter ratio and the size of pipe tend to become negligible. 
In almost every theoretical and empirical equation of gas flow, 
the flow is found to vary inversely as the square root of the abso- 
lute temperature. That assumption is made here. That the 
flow varies directly with the area will be shown later. So if the 
foregoing is true 


A 
ee P;, P» 
w Nias ) 


Then, grouping w, A, and T gives 


w VT 
A 


= f(Pi, P») 


- This factor will be called Z. SoZ = wV T/A, and & is seen to 
be a function of the absolute pressures, 
Now suppose = is divided by P;. Then 


z _wVvT 


This factor will be called Q, and @ = (w VT)/(P:A). @isseen 
to be a function of the pressure ratio alone. 
The significance of © will be seen more clearly by considering 


the equation representing an adiabatic expansion through an 


ideal nozzle 
P 1A 29 nN 
Rn»—1 


eae: 


pi/n n/p rin, [1] 
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Subsequently 


wih sgh ss Sale ys We ee ice Tn [1a] 
Rn—1 


All tests were run holding a constant head pressure and varying 
the back pressure. Values of 2 were calculated for each run. 
A plot of 2 versus P; appears in Fig. 8. 
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Of themselves these curves are of little value. However, the 
next step was to divide each of these curves by the parameter, P1. 
The interesting result is that all of these curves now seem to lie on 
the same line as is seen in Fig. 4. This is a plot of © versus 7. 
The values of Q were obtained from the ‘‘smoothed” data taken 
from Fig. 3. As in the nozzle flow equation, 2 appears to be a 
function of r only. 

As will be noted from Fig. 4, it would be rather difficult to 
draw an accurate line through the lower-pressure-ratio section be- 
cause of the flatness of the curve. To study the characteristics 
of orifice flow more closely 2 versus r was plotted on elliptical co- 
ordinates, i.e., all values of 2 and r were squared. 

The orifice characteristic is shown on elliptical co-ordinates in 
Fig. 5. Some interesting conclusions can be drawn from this plot. 
First it is seen that there is a fundamental difference in the nature 
of the flow in the subcritical region and in the critical region. In 
the subcritical region the points are found to lie on a straight line; 
and this of course represents an ellipse. In the critical region, 
the flow characteristic falls away from an ellipse and appears to be 
an entirely different function. It is interesting to note that 
although the lowest pressure ratio obtained by test was 0.146, on 
elliptical co-ordinates this point falls so close to the zero axis that 
the delicate question of extrapolating into the region of very low 
pressure ratios is solved with a minimum of doubt. 

It is now a simple matter to express the flow relationship in the 
subcritical region by an equation of an ellipse 


Cre Ce TAR, Gee ee a [2] 


Or in terms of mass flow 
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Because the characteristic in the critical region is obviously not 
elliptical, it was necessary to use another approach in this region. 
Subsequent discussion will explain the development of a formula 
for orifice flow in the critical region and also present a correlation — 
between this work and that of the Society. 

The fundamental equation which expresses velocity of an in- | 
compressible fluid in terms of its equivalent pressure is 


w = 0.465 By ay 5 Paaatay 2 Van en, [3] 


pV? 
AN ie — to net te hath eh Oe ET oe, SA! 3 4 
p 29 [4] 
yy 
or Vie yn caace te ee [5] 
p 
but w = paV 


so substituting gives the relationship of mass flow through an | 
opening of area, a, caused by a pressure differential 


=u / QUE AD ieee oe [6] 


or, finally, changing pressure to pounds per square inch and area 
to square inches 


w 2668" Win AP ee one [7] 


Se 
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The ASME (2) makes three corrections to this formula. The 
first, the coefficient of discharge K, combines the coefficient of 
contraction, the coefficient of velocity, and the velocity of ap- 
proach factor. The correction Z, is a correction for expansion of 
the orifice due to high operating temperatures. Since no extreme 
temperature was used for the tests, this factor may be omitted. 
The third correction is the expansion factor, Y. This factor per- 
mits the formula for incompressible fluids to be used with com- 
pressible fluids. Y is the ratio between the flow of two fluids, 
everything being equal, except that one is compressible and the 
other is incompressible. So the final form is 


w = 0.668 AKEY V/pAP............... [8] 
Omitting E 
ip = 0.668 AKY */ PAP. 2 . [9] 


Noting that for air p = 2.70P/T and that AP = P,(1 —r) this 
may be rewritten 


P,A 
w = 1.096 a iD gag eee eaale [10] 
And expressing this in terms of Q 
aOR Bete rp. OM EY (11] 
Rearranging terms 
a oan aa [12] 
Roe rape ee 


Now, by inserting values of 2 as determined by the tests, the rela- 
tion between KY and the pressure ratio may be investigated. 
This relation is shown graphically in Fig. 6. It is interesting to 
note the decisive change in slope occurring in the region of the 
critical ratio. 

Now KY may also be expressed by means of equations. For 
the subcritical region, substituting 2 = 0.465 “/ 1 — r? in Equa- 
tion [12] gives 


WY AON, Pe ee Hone [13] 


It is seen that the line has a very slight curvature. 
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In the critical region the KY-function appears to be a straight 
line, and by graphical methods it was found that it could be ex- 
pressed 


KY = 0.410 +:0.220r 00). 00 eee. oe. os [14] 


By using this last expression for KY, it will now be shown how 
an expression for critical flow may be developed. Substituting 


Equation [14] into the ASME flow equation, Equation [9], results 
in 


w = 0.6684 (0.410 + 0.220r) V/pAP.......... [15] 


or 


EE" (0440 SD ODAINUN/ De [16] 


AP 
VF 


wo= 


or in terms of 2 
© = (0.449 40.0417) 4/1 27. 


So now two equations, Equations [3] and [16], have been de- 
veloped which mathematically describe the behavior of air flowing 
through a sharp-edged orifice. The limitations to these expres- 
sions should be emphasized. They apply only to air. They 
apply only to orifices with a negligible velocity of approach. 
They apply only to the pressure and temperature conditions 
heretofore prescribed. 

Now, returning to the function KY, an interesting speculation 
may be made. The fact that in the critical region the values of 
KY plot on a straight line has an important significance. At high 
rates of flow the coefficient of discharge K tends to become con- 
stant. Therefore, if K were a constant, Y would be a linear func- 
tion of the pressure ratio. In the subcritical region the ASME 
(4) gives the expansion factor as 


72 
Y = 1— (0.330 + 1.145(6? + 0.765 + 12618)] ris .. [18] 


So then, for any given value of 6, Y is a linear function of the 
pressure ratio. This equation holds up to the critical-pressure 
ratio. So, considering the fact that the expansion factor appears 
to be a linear function in both the subcritical and critical regions, 
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it would seem that the difference might lie only in the slopes. 
So it appears that if the original tests of Bean, Buckingham, and 
Murphy (5) had been carried down into the critical region, it 
might be possible to calculate flows at any pressure ratio simply 
by supplying an additional set of expansion factors. 

Referring back to Fig. 4, curve A is seen to represent ideal 
nozzle flow (as expressed by Equation [la]). The ratio of the 
vertical height of the orifice curve to the vertical height of the 
nozzle curve at any pressure ratio represents the flow coefficient 
K,, or the fraction of flow through an orifice compared to that 
through an ideal nozzle under the same conditions of temperature 
and pressure, and both having the same area. The flow co- 
efficient throughout the entire range is shown in Fig. 7. This 


2 10 09 086 0.7 06 05 04 03 0.2 0.1 0 
PRESSURE RATIO 


Fic. 7 Fiow CorrriciENT FOR SHARP-EDGED OriFIcE WitH ZERO 
APPROACH VELOCITY 


curve also has another significance. If the velocity of the air at 
the vena contracta may be taken to be the velocity developed in 
an adiabatic expansion, then the velocities in the orifice and in the 
nozzle will be identical for any pressure ratio, and ratios of the 
mass flows will vary according to the curve in Fig. 7. So then, 
if the velocities and densities are the same, the curve in Fig. 7 
will also represent the ratio of the area of the vena contracta to 
the area of the orifice.® 
By applying K, to the feoreticat flow formula, Equation [1], 

it would seem reasonable to assume that flow of any gas through 
an orifice could be calculated. In the critical region, Equation 
[1] reaches a maximum value which remains constant at pressure 
ratios below the critical 


P,A 29 n 
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VJ T Rxn—1 [19] 
And for air at moderate temperatures 
P,A 
= 0.532 — [20] 
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CoMPARISON WITH OTHER INVESTIGATIONS 


Bean, Buckingham, and Murphy (7) found that the use of a 
mean density py, or the density of the air at the upstream tem- 
perature and at the average of the upstream and downstream 
pressures in the simple hydraulic equation, resulted in a coefficient 
of discharge which varied only a few per cent from the coefficient 


for water over the whole range from r = 1 to r = 0.5. The 
coefficient was defined by 
0.525 d? 
w= Cy Vou AP ee ll] 


V1 — 8! 


and for air 


5 An investigation by Stanton (6) indicates that the vena contracta 
occurs at the position in the jet where the velocity reaches the adi- 
abatic velocity in a subcritical expansion and where the velocity 
reaches the sonic velocity in a critical expansion. 
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So, substituting this value of py, and letting 6 > 0 results in 


Fi VP? — P2 


<6 6 vie lee. diese 


= Cy 0.776 —= 


Now, if Cy, is equal to 0.60, which it very nearly is from r = 0.9 to | 


r = 0.7, Equation [22] becomes 


Fi /P:? — P;? 


which is identical to Equation [3]. 


w = 0.465 —= 


So for this range of flow the 


author’s work agrees almost perfectly with that of Bean, Buck- | 
ingham, and Murphy. However, Cy falls off in the lower pres- | 


sure ratios incurring a maximum variation of 11/2 per cent at r = 
0.5. 

Fig. 8 represents a comparison of the author’s results to an in- 
vestigation made by Cox and Germano (8) of the work of Stanton 
(9), and Schiller (10). This figure shows the percentage increase 
of flow of a gas through an orifice over the flow at the critica]- 
pressure ratio. 
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One of the few people to attempt to describe orifice flow 
throughout the entire range of pressure ratios was H. B. Reynolds 
(11). Reynolds expresses orifice flow by 


A 
Q = 405 —— 
WF 


This also may be expressed 


(P,2 — P,?)°-8 efm at 32 F....... [24] 


= 0.546 ——— Fi (P,? — P,*)°- Ib per sec...... [25] 

or 
& = 0.546(Pi? — Pp)... [26a] 
= 0.546P,-9(1 — r2)048 (260) 


It would not be possible to compare his results with 
those of the author except at a specific pressure. This was 
done in Table 2 for a head pressure of 100 psia. It is seen that at 
low and high pressure ratios Reynolds equation gives higher 
values than those of the author, while at intermediate values:the 
author’s values are higher. It might be well to mention that 
Reynolds used 2-in. pipe, but he placed one tap 6 in. ahead of the 
orifice and one directly behind it. 

Since the test apparatus was constructed according to ASME 
Specifications, it is possible to compare the author’s results with 
those of the ASME in the subcritical region for 6B =0.1. Values 
of Q were calculated by Equation [11] at 8B = 0.1. The co- 
efficient of discharge is nearly constant, and was taken at the 
values given in Table 3. A direct comparison can be made for 
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TABLE 2 COMPARISON OF RESULTS T 
H. B. REYNOLDS abe 


(P: = 100 psia) 


Pressure — = 
ratio Reynolds Author 
es 0 0 
.95 10.74 

0.9 20.4 20.2 
0.8 27.8 27.9 
0.7 32.9 33.2 
0.6 36.6 Sue 
0.5 39.6 40.3 
0.4 41.5 42.3 
0.3 43.4 43.6 
0.2 44.5 44.4 
0.1 45.2 44.8 
10) 45.4 44.9 


two-inch pipe, as the author’s data were taken entirely on two-inch 
pipe; however, a comparison is also shown for 6 in. and 12 in. pipe 
fore =" ON 


TABLE 3 COMPARISON OF RESULTS TO FLOW RATES 

OBTAINED BY MEANS OF THE ASME METHOD OF 

CALCULATION 
— — Values of 2 — 
— Pipe size———_—_____ 
2 in. 6 in. 12 in. 

r Author K = 0.607 K = 0.601 K = 0.600 
0.9 0.203 0.205 0.203 0.2025 
0.8 0.279 0.282 0.280 0.278 
0.7 0.332 0.3375 0.334 0.333 
0.6 0.373 0.378 0.374 0.373 
0.5 0.403 0.412 0.408 0.407 


Strangely enough, the author’s results agree more closely with 
the larger sizes of pipe. Actually, the value at r = 0.5 is not a 
valid comparison because this value is not guaranteed by the 
ASME. 


CONCLUSIONS 


1 Flow of air through a sharp-edged orifice with a negligible 
velocity of approach may be expressed in the subcritical region by 


P,A /1 = 9 


VT 


w = 0.465 


and in the critical region by 
PA 

ys = 

VT 

2 Air flowing through an orifice experiences a definite transition 
point at or near the critical-pressure ratio. This can be seen from a 
graph of flow versus pressure ratio when plotted on elliptical co- 
ordinates. Here it can be seen that the rate of increase in flow for 
a decrease in back pressure drops off considerably in the critical 
region (see Fig. 5). This transition is also demonstrated by the 
characteristic of the flow coefficient, K,. Atornear the critical pres- 
sure ratio the function of K, versus pressure ratio is seen to have a 
point of inflection (see Fig. 7). Finally, it is brought out by the 
characteristic of the expansion factor. The expansion factor is 
obviously an entirely different function in the critical region from 
what it is in the subcritical region (see Fig. 6). 

3 The orifice flow characteristic for a zero approach velocity is 
an ellipse in the subcritical region. 

4 The results of the author agree within 2 per cent of those of 
H. B. Reynolds; however, the shapes of the respective orifice 
characteristics vary. Reynolds expresses the entire character- 
istic with one equation. Stanton and Schiller indicate lesser flow 
rates in the critical region; however, the agreement is seen to be 
within 11/2 per cent. There is almost an exact agreement with 
the results of Bean, Buckingham, and Murphy for a range of r= 
0.9 to r = 0.7, and a maximum variation of 1'/2 per cent at 
r=0.5. The subcritical flow equation agrees within 2 per cent of 
the data supplied by the ASME for 2-in. pipe at 6 = 0.1, and with- 
in 1 per cent for larger sizes of pipe. 


(0.449 + 0.2417) 1/1 —r 
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TABLE 4 FLOW FACTORS AND FLOW COEFFICIENTS FOR 
SHARP-EDGED ORIFICES 


Pressure Flow factor Flow 
ratio for air, Q coefficient, Kc 
1.0 0.000. oo 
0.98 0.0934 0.6022 
0.96 0.1302 0.6062 
0.94 0.1594 0.6104 
0.92 0.1824 0.6144 
0.90 0.2034 0.6174 
0.85 0.246 0.631 
0.80 0.279 0.641 
0.75 0.308 0.655 
0.70 0.332 0.670 
0.65 0.354 0.687 
0.60 0.373 0.710 
0.55 0.389 0.731 
0.53 0.395 0.742 
0.50 0.403 0.756 
0.45 0.414 0.776 
0.40 0.423 0.795 
0.35 0.430 0.809 
0.30 0.436 0.820 
0.25 0.441 0.828 
0.20 0.444 0.832 
0.15 0.446 0.839 
0.10 0.448 0.840 
0.05 0.449 0.843 
0.00 0.449 0.843 


- These are not experimental values and are shown for theoretical purposes 
only. 
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Discussion 


Sranrorp Nrau.® A need exists for more informiation con- 
cerning the performance of square-edged thin-plate orifices in the 
compressible and supersonic regions. The author presents data 
which confirm the general level of flow coefficient for orifices of 
low diameter ratio as given in the ASME Fluid Meters Report 
(1937). 

As a by-product of another investigation by the writer’s com- 
pany, flow coefficients of several orifices were determined over a 
pressure-ratio range of 1.07 to 2.25 and are shown in the Fig. 9 
herewith. Since the range of diameter ratios was from 0.20 to 
0.90, the velocity of approach was an important factor as was not 
the case in the author’s investigation. The flow coefficients 
agree reasonably well with the ASME recommended values for a 
diameter ratio of 0.20, but display increasingly large discrepancies 
as the ratio increases at low values of pressure ratio. 

The highest value of diameter ratio given in the ASME report 
was 0.825, but the measured discrepancies are much larger than 


6 Steam Research Section, Steam Turbine Engineering Division, 
General Electric Company, Schenectady, N. Y. Mem. ASME. 
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would be supposed from an error in extrapolation, and also exist 
for ratios of 0.65 and 0.80. The recommended values were calcu- 
lated using the formula for Y up to pressure ratios of 2.25. The 
ASME report does not indicate-the range over which the formula 
holds, but the agreement is better at pressure ratios of 2.00 than 
at 1.10. 


80) 


FLOW COEFFICIENT (PERCENT) 
Be : 
oO 


[ 175 
Py _UPSTREAM TOTAL PRESSURE 
P, DOWNSTREAM STATIC PRESSURE 


Fic. 9 Firow Corrriciments ror SHarp-Epgep Frat-Puate OrIi- 
Ficus IN A 5-In-D1amM Pips WirH Vrena-Contracta Pressure TAPS 
(Tests were made with air discharged to atmosphere. Flow coefficient is 
measured flow divided by the theoretical flow calculated from the total up- 


stream and static downstream pressures. Solid lines from test data. Dashed 
lines calculated from ASME Fluid Meters Report.) 
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The flow coefficients were determined with vena-contracta taps 
which were placed in the recommended position. 
downstream pipe was only 2 diam but it was observed that the 


stream filled the pipe discharge, except when the 0.20 orifice was | 


used. 
The tests were made carefully and it is believed that the 


accuracy is of the order of +0.25 per cent. 


further investigation in this field. 


An excellent subject for further graduate study would be the | 
theoretical complement of the author’s work. Techniques are — 
now available for the study of the compressible subsonic and also © 
It should be possible to flux-plot the | 


the supersonic regions. 
subsonic and supersonic streams at different pressure ratios for 
both the two- and three-dimensional case. The change of vena- 
contracta size could be determined in the subsonic case, and the 
shock patterns could be determined in the supersonic case. 

It is possible that the flow coefficient should approach 1.00 for 
an orifice of infinitesimal thickness at pressure ratios approaching 


infinity, as compared to the author’s value of 0.84. It should be © 
possible to determine the effect of plate thickness on flow co- | 


efficient by the same methods. 
A further extension of the theoretical method should take into 


account the boundary layer and its effect on flow coefficient. If | 


this problem is attacked from both the theoretical and practical 
aspects, the two methods should greatly extend our present 
knowledge. 


AUTHOR’S CLOSURE 


The next step to take in the study of critical flow would seem 
to be flow with velocity of approach. Mr. Neal’s research shows 
coefficients down to pressure ratios as low as 0.444. These data 


should prove very valuable in this regard. Undoubtedly the | 


problem would result in a much more complex solution with such 


variables as tap position, roughness of pipe, concentricity of the | 


orifice, Reynolds number, etc., having a decided effect. 


The length of | 


The data are shown | 
here with the hope that they will be useful and may stimulate | 
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Air Flow Through Small Orifices in 
the Viscous Region’ 


By H. R. LINDEN? ann D. F. OTHMER? 


_ Experimental data for air flow through square-edged 
circular orifices and their correlation with the pressure dif- 
ference, the orifice diameter, and the air temperature are 
presented in nomographic form. The correlation holds 
well for small orifices with diameters ranging from 1/15 
to */15 in., for pressure differences from 0.015 to 0.500 in. 
of water, and negligible velocity of approach. The air- 
temperature range within which the correlation can be 
applied is from 70 to 300 F, and corrections for baromet- 
ric pressures from 27 to 32 in. of mercury can be made. 
The main use of this correlation will be found in its ap- 
plication to oil-burner design. By inclusion of the car- 
bon-hydrogen-ratio criterion, the nomographic represen- 
tation may be integrated with the system of combustion 
calculations, based upon the carbon-hydrogen ratio de- 
veloped by the authors (1).4 The nomograph enables the 
designer to calculate the theoretical fuel rate at which 
any hydrocarbon fuel can be burned per square inch of 
air-orifice area at a given pressure difference across orifices 
of known diameter and at specified air temperature, air 
pressure, and air humidity. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
H 


ll 


absolute humidity of air at orifice, lb of water vapor per 
lb of dry air 


» = absolute pressure at orifice, in. of mercury (in. of water 
for experimental data) 
p’ = absolute pressure in wet-gas meter, in. of water 
» = absolute viscosity, centipoises 
F, = actual fuel rate, lb per hr 
C = atmospheric correction factor 
p, = air density at orifice, pef 
¢, =  air-flow correction factor = p’V/pV’ = Q/Q’ 
t = air temperature at orifice, deg F 
t’ = air temperature in wet-gas meter, deg F 
R = carbon-hydrogen ratio of fuel 
D = channel-of-approach diameter, in. 
K = constant 
Q = flowrate through orifice, cu ft per hr 
Q’ = flow rate through wet-gas meter, cu ft per hr 
X = fraction excess air 
V = humid volume at atmospheric pressure, cu ft per lb of 


dry air 


1 This investigation is based upon work conducted at the Poly- 
technic Institute of Brooklyn, Brooklyn, N. Y. 

2 Supervisor, Oil Research Laboratory, Institute of Gas Technology, 
Technology Center, Chicago, IIl. 

3 Professor of Chemical Engineering, and Head of Department, 
Polytechnic Institute of Brooklyn, Brooklyn, N. Y. Mem. ASME. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. : 

Contributed by the Research Committee on Fluid Meters, and pre- 
sented at the Annual Meeting, New York, N. Y., November 28- 
December 8, 1948, of Taz AMERICAN SOCIETY OF MercHanicaL EnGI~ 
NEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-93. 


A = orifice area, sq in. 
C, = orifice coefficient 
d = orifice diameter, in. 
AH = pressure difference across orifice (net draft), in. of water 
M, = rate of air flow, mols of air per sq in. orifice area per hr 
r = ratio of plate thickness to orifice diameter 
Re = Reynolds number 
F = theoretical fuel rate, lb per hr per sq in. orifice area 
P» = water density at micromanometer temperature, pcf 


INTRODUCTION 


This investigation of air flow through small orifices in the vis- 
cous region was initiated by design work on vaporizing pot-type 
oil burners (2). In such burners, fuel oil is vaporized in a pot by 
the heat of the flame above it while air is introduced into the pot 
through small orifices in its walls. The driving force for the flow 
of air is provided by either natural draft or a combination of natu- 
ral draft and forced draft. The latter is usually produced by 
feeding air from a blower into a jacket around the pot. It was 
observed that the carbon-dioxide analyses of the flue gas were 
consistently lower than those calculated from the data of Tuve 
and Sprenkle (3), extrapolated to ratios of orifice diameter to 
channel of approach diameter d/D, below 0.2, although leakage 
of air had been eliminated and precise draft, orifice size, fuel rate, 
and fuel-composition data had been obtained. The effect of pre- 
heating as the air approaches the orifices was neglected and would 
have resulted in even higher calculated carbon-dioxide analyses 
if it had been taken into consideration. 

An experimental investigation of air flow in the conventional 
flanged orifice-tube apparatus, fitted with radius taps, was under- 
taken for conditions approximating those encountered in vaporiz- 
ing pot-type burner design, namely, air flow at practically at- 
mospheric pressure through circular square-edged orifices from 
1/1, to 1/4 in. diam, and pressure differences across the orifice, 
ranging from 0.01 to 0.50 in. of water at negligible velocities of 
approach. The results of this investigation, however, seemed of 
sufficient general interest to be presented as a study of viscous air 
flow in addition to a presentation suitable only for burner de- 
sign. It was also realized that application to design calcu- 
lations for natural- and liquefied-petroleum gas burners and me- 
chanical-atomizing burners, introducing secondary air under 
similar flow conditions, may be possible. 

A literature survey indicated that no reliable and consistent 
data were available for this region of fluid flow which is character- 
ized by Reynolds numbers Re, from 100 to 3000, and a ratio of 
orifice to channel of approach diameter d/D, below 0.2. The 
most generally accepted data for the viscous region of fluid flow 
are those by Tuve and Sprenkle (3). They are represented as a 
family of curves with the orifice coefficient plotted against Re, 
at constant d/D. ‘The orifice coefficients C’, decrease at decreas- 
ing rate with decreasing values of d/D, and approach an appar- 
ent minimum near d/D = 0.2. From more recent work by 
Hira Lal Roy and N. K. Sen-Gupta (4) on free discharge from 
small orifices, it appeared that important changes in the char- 
acteristics of the semilog plot of orifice coefficient versus Reynolds 
number occur for very small orifices as the velocity of approach 
approaches zero. Although all previous investigators were able 
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to correlate C, with Re by using d/D as a parameter, the orifice 
diameter d itself was used in this work. This approach seems 
justified by the data presented here which indicate the possibility 
that for small orifices (below 1/4 in. diam), the parameter d/D 
may not hold generally. For instance, C, increases as d/D ap- 
proaches zero in contrast to existing data (3, 5, 6, 7, 8), but in- 
sufficient work has been done to determine if this is due to a 
reversal of trend below d/D = 0.2 or merely the effect of small 
orifice diameters. 

Although the irregularities for these flow conditions would not 
be encountered frequently in industrial use of orifices for flow 
measurement, the effect on burner design may be considerable. 
Since the combustion of hydrocarbon fuels is very sensitive to a 
careful adjustment of excess air and air distribution, air-flow 
calculations on which design of such units is based should be 
quite precise. Design conditions usually specify fuel rate, chem- 
ical composition of fuel, maximum allowable excess air, and mini- 
mum available pressure differences across air-supply orifices. 
An empirical correlation based on the new experimental data of 
air flow through circular square-edged orifices, with orifice 
diameter, available pressure difference, and temperature, is de- 
veloped here and combined with the C/H ratio for application to 
burner design. The final correlation is presented in nomographic 
form for direct use. Furthermore, the experimental data are also 
presented in the conventional plot of C, versus Re, for application 
to other gases in this range of Reynolds number. 


EXPERIMENTAL WORK 


The air-flow data were obtained with a 2-in-ID flanged orifice 
tube, provided with radius taps and with four orifice plates. The 
equipment was constructed from accurately machined stainless 
steel; and the orifices were measured with a microscope equipped 
with various calibrated eyepiece micrometers. The orifices ap- 
peared to be perfect under considerable magnification, and their 
dimensions are given in Table 1. 


TABLE 1 DIMENSIONS OF ORIFICES 
Nominal size, Thickness of plate, 


Orifice in. Diam. in. in. d/D 
Ay gode 3/16 0.1888 + 0.0004 0.037 0.094 
Bagi ents 1/3 0.1242 +0.0004 0.037 0.062 
re seater 1/16 0.0636 + 0.0004 0.037 0.032 
ED ee, 1/16 0.0630 + 0.0004 0.024 0.032 


2 Orifice D is not used in the correlation. 


Flow rates were measured with a wet-gas meter; and constant 
air flow at all desired rates was obtained by reducing the pulsat- 
ing suction from a small laboratory vacuum pump through a 
series of large vessels, orifices, needle valves, and bieed valves. 
The pressure difference across the radius taps was measured with 
a specially constructed, inclined glass-tube micromanometer 
employing a micrometer screw and sliding block of a 1-in. range 
and calibrated to 0.0005 in. In the low range, all readings were 
checked with a Bristol recording draft gage (oil-float type), 
which is calibrated to 0.002 and readable to 0.0005 in. of water. 
In addition, a simple inclined draft gage was used to make ap- 
proximate adjustments before taking data. The micromanom- 
eter was especially designed and built for this investigation and 
used water as gage liquid. A schematic diagram of the experi- 
mental equipment and a drawing of the micromanometer are 
shown in Figs. 1 and 2. 

The experimental data were taken to permit the calculation of 
the rate of air flow at the temperature, pressure, and humidity 
of the air entering the orifice, from the rate of flow, measured by 
the wet-gas meter at its temperature, its slightly lower pressure, 
and at complete saturation with water vapor. The data are 
summarized in Tables 2 to 5, inclusive. The orifice coefficients 
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were calculated by the method used for incompressible fluids at 
negligible velocity of approach. Such a procedure was permis- 
sible, since, for this application, the ratio of pressure drop across: 
the orifice to total pressure does not exceed 0.0015, and the ratio: 
of orifice diameter to channel-of-approach diameter can be as’ 
high as 0.2 without affecting the assumption of negligible ve- 
locity of approach. From the flow rate through the orifice Q in! 
cu ft per hr, the pressure difference across the orifice AH, in in.| 
of water at a water density of p,, (in lb per cu ft), the air density 
Pa, at the orifice in lb per cu ft, and the diameter d, of the orifice in 
in., the orifice coefficient C, can be derived as 


o = AHO Ah Et at caee ae [1] 

Reynolds number can be expressed as : 
6.315 Q p, : 

Re = di Se err [2] 

Me 


where yu is the air viscosity at orifice conditions in centipoises. 
An average curve drawn through the best available viscosity- 
temperature data for air at atmospheric pressure was used. The 
maximum predicted error of C, (as calculated from the maximum 
accidental errors of the various basic measurements) ranges from 
4 per cent ford = 1/,,and AH = 0.01, to 0.8 per cent ford = 3/1, 
and AH = 0.50. The maximum deviation of the composite 
plot of C, versus Re, Fig. 3, from the most probable values is 
estimated to be within 2 per cent. When comparing these new 
data with the results obtained by previous investigators (3) 
the factors on page 769 should be noted: 
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= ° ORIFICE A 
oe 4 ORIFICE al | ||| 
PP SOAs nena tlene thet oo oh. Pada re ® ORIFICE C 
a oe ee eee ge 
% , 2 
nee 
[3 
eed MeeARRs nse SAAS ao, — pe 
at a ae 
uw 
ea 
° 
50 100 200 500 10 2000 500 
* 62 OO a O28 a e a 8 REYNOLDS wulicenciay : 
SSN EO  C4 ROP ROCCO} FOG On iO) OX KORO 
Fic. 3 Composite Prot or Ortricr CoEFFICIENT VERSUS REYNOLDS 
NuMBER 
2 = = = pee ee ay ee, ee EY 1 Due to a negligible velocity of approach (d/D below 0.1) 
Moma peivac> (Sins .o © & & & & _ identical data would have been obtained with corner or vena- 
contracta taps and possibly even with pipe taps. 
2 The ratios of thickness of orifice plate to orifice diameter 
r, are larger than used or recommended by any previous investi- 
2 AoA aaRR t+ Oa tor (8, 9, 10, 11), andi found that the shif he right of 
_ aA DH SE Dae Chee he OES gator (8, 9, 10, 11), an it was foun that the shift to the right o 
; S56. 2 a ee a the C, versus Re plots with decreasing diameters, i.e., increasing 
r, may be due to these large values of r, especially for orifice C. 
A plot of C, versus Re for an orifice D, of approximately equal 
diameter as C, but in a thinner plate, indicated a shift of the 
QRAZRRZRREZRARSES ES optimum (C, = 0.744) from Re = 700 to Re = 400 for a corre- 
Ou [con in oO gE ONEONTA ONS or oniding decreasejon7 tron Oooo 
The equation correlating the experimental data for the aver- 
age conditions of 80 F and a humidity of 0.007 lb of water vapor 
tee eerste es ee Ibiohdry nit ab 4d Oineor bsol i 
SIR QRRRRRHEHKARSEA GS SG G per lb of dry air at in. of water absolute pressure is 
0.0051 
(Q) 80 F = 609 d}-84 Affo-4685 — Pease [3] 
The maximum deviation of this equation from the average ex- 
ao} Sgodo = ao 4 + 4 wv + w + 4 perimental data is +4 per cent. The development of the ex- 
ie 8 en eae oh Se Sa OR eee pressions used as the basis for the nomograph, Fig. 4, and the basis 
for the humidity and barometric pressure correction are given in 
the Appendix. 
fo) NU fat oO N oO io) [o} ie) fo} io) io} 
Slo CoH UWO OKO HO KD Use or CoRRELATION 
i Se é = 
The air-flow correlation probably is most useful in the design 
of vaporizing pot-type burners. For this type of oil burner, the 
8888 8 8 8 8 woe © © oc ~ combustion air is introduced into the oil-vaporizing and combus- 
Be 9-61.62 8 (5 SX 8 4 © © tion zone (the pot) through small orifices by the driving force of 
% either natural draft or forced draft; the latter supplied by a fan 
through a jacket around the pot. Large numbers of such units 
are produced for space heaters and central heating systems 
ay er ES Sense ea) Ea a eee (12), and considerable activity in this field has been apparent 
Tes wees ae oe ee because of changes in the distillate fuel-oil supply (13). The 
nomograph, Fig. 4, should be of considerable help since all such 
design problems can be simplified by its use. In order to cal- 
Bane > culate the maximum fuel rate for a forced-draft unit, the air 
Tal . 3 
iS ii < a e < : S eh aot eee EN pressure in the jacket is added to the draft over the fire (main- 
Ae eR tc es IE Bie tly tained relatively constant by a draft regulator) and set on the 
AH scale. The average air temperature is then estimated from 
previous experimental data, and the proper d scale selected. 
SMe Com OMROL CeO mLIN, TOMO If more than one-size orifice is used, the various diameters 
ns 3 3 3 $ e 3 3 S 3 8 3 3 3 should be averaged by weighting each diameter with the fraction 
if : ae ; * * of the total orifice area contributed by the orifices of the corre- 
sponding size. If elliptical orifices are used, the square root of 
the product of the two axes should be substituted for the diame- 
mA ow Ta ter. By drawing a straight line from AH through d, the inter- 
o © = ic 2 tA D a a g ral 8 8 Q& © section with the M, scale gives the mols of air per hr per sq in. 
6 ee ie Sey oh i « “of orifice area. A straight line from M, through the C/H ratio 


of the fuel (1, 13, 14), set on the R scale gives the corresponding 
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heoretical fuel rate. Divided by 1 plus the fraction excess air 
considered the minimum for trouble-free combustion and cor- 
ecting for local atmospheric conditions (elevation, etc.) gives 
she maximum fuel rate per square inch of orifice area. The 
maximum fuel rate per hour for the given unit is then obtained 
oy multiplying by the total orifice area. 

In this manner any of the variables can be evaluated, and such 
2 burner designed specifically for a given fuel and fuel rate, if the 
imits of available pressure drop (net draft) and excess-air re- 
juirements are known. 

Design problems are simplified further by the use of a nomo- 
graphic system of combustion calculations previously presented 
(1), and based upon the carbon-hydrogen ratio of the fuel. The 
7/H ratio can be obtained empirically from the Diesel Index, 
and the 50 per cent ASTM boiling point for most liquid-petro- 
leum fuels (1, 18, 14). 

‘For the design of natural-draft units, correlations between 
stack temperature, stack diameter, and stack draft should also 
be considered (15). The relationship of stack draft and draft 
over the fire depends upon the design of the combustion chamber 
and the heat exchanger, but usually can be estimated from the 
performance of existing units. A schematic drawing of a vapor- 
izing pot-type burner is shown in Fig. 5. 
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Fic. 5 Scuematic DiacRAM oF VAPORIZING Pot-TyPE BURNER 


For the calculation of fan-discharge-pressure requirements 
the nomograph can be used in reverse. The theoretical fuel 
rate to be set on scale F in Fig. 4 can be calculated from the total 
orifice area A, the atmospheric correction factor from Table 6, 
C, the fraction excess air X, and the actual fuel rate F,, ex- 
pressed in lb per hr 


pe) 


AC 


For application of the orifice-coefficient data to other gases, the 
composite plot of C, versus Re, Fig. 3, should be used in con- 
junction with Equations [1] and [2]. It should be noted that 
the parameter d/D may not hold for the orifices investigated 
here and that application should be restricted to orifices be- 
tween 1/15 and 3/15 in. diam and d/D below 0.2, in the range of 
Reynolds number shown in solid lines in Fig. 3. 
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Appendix 


The high-temperature data were calculated from the experi- 
mental room-temperature data by using the perfect-gas laws, the 
plot of variation of air viscosity with temperature based on most 
available recent data, and Equation [3]. The empirical rela- 
tionship of the four variables was determined by standard graphi- 
cal methods (16), and patterned after the theoretical equation, 
i.e., the equation neglecting the effects of viscosity 


Q = K (460 + t)'”? AH/d?.... 0.0.0.0... [5] 


A composite log-log plot of Q versus AH at 80, 200, and 300 F 
for the orifices was used as the basis for developing the required 
equations. The actual equation applicable to the flow of air 
through square-edged, circular orifices at pressure differences 
from 0.01 to 0.50 in. of water, orifice diameters from 0.06 to 0.20 
in., and temperatures from 70 to 300 F, is 


.00036 £696 
ae 


Q = 30.438 (320 a. t)o-5 AH ®- 4685 qi-84 = q 


The maximum deviation of Equation [6] from the average experi- 
mental data is approximately 4 per cent. For general use, the 
most practical form of Equation [6] expresses the air flow in mols 
of air per hr per sq in. of orifice area (M,) 
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0.000634 £9-6% 


_ 53.6 (E + 320)95 AH 94885 
: (t + 460) ds" 


(t + 460) d-16 


M, 


Equation [7] is presented in nomographic form in Fig. 4. A 
family of equations at various constant temperatures is shown in 
the form 


(M,), = Ald) fA) Hd)... Be i Th [8] 


Also included in the nomograph is a function expressing the 
theoretical fuel rate /, of hydrocarbon fuels in terms of the air 
flow per square inch of orifice area M,, and the C/H ratio of the 
fuel R 
12 (R + 1) 

1, Se 6: 


The factor 0.989 corrects for the humidity of the air. Equations 
[6] to [9] are based upon an atmospheric pressure p, of 410 in. of 
water (30.15 in. of mercury), and a humidity H, of 0.007 Ib of 
water per lb of dry air. This corresponds to the average atmos- 
pheric conditions for the experimental data. For other atmos- 
pheric conditions, corrections can be made on the assumption 
that normal atmospheric variations of air density at constant 
air temperature will not affect the orifice coefficient. The air- 
flow and fuel-rate corrections may then be expressed by the fol- 
lowing equations 


F = (0.989) (0.209 M,) . [9] 
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p(1—0.612H) 


Correction factor for M, = 1 ai 


C ion f C) for F = V (i — 0.612 H) 
orrection factor (C) for F = 5415 +161 H) 


Correction factors for the nomograph in Fig. 4 for variation 
of air humidity and atmospheric pressure are given in Table 


TABLE 6 CORRECTION FACTORS FOR VARIATION OF AII 
HUMIDITY AND AIR PRESSURE 


p H, lb of water vapor per lb of dry air | 

in. Hg 0 0.005 0.010 0.015 0.02) 

Mo Ss 0.949 0.948 0.946 0.945 0.94 
De, 

PF 0.960 0.950 0.941 0.932 0.92! 

Mo (0.966 0.965 0.963 0.962 0.96) 

.28.. 

F 10.977 0.967 0.958 0.949 0.94 

Mo 0.983 0.982 0.980 0.979 0.97 

.29.. 

P 0.993 0.984 0.975 0.966 0.95 

Mo , 1.000 0.999 0.997 0.996 0.99. 
Ox. 

F 1.010 1.001 0.992 0.983 0.97: 

Mo fie 1.017 1.016 1.014 1.013 1.01 

Fe ae E007 1.018 1.009 1.000 0.99: 

Ks a 1.033 1.032 1.030 1.029 1.02 

Foe? Boss 1.034 1.026 1.016 1.007 


Reaction Tests of Turbine Nozzles for 
Supersonic Velocities 


By J. H. KEENAN,! CAMBRIDGE, MASS. 


A machine for testing turbine nozzles by the reaction 
method, which was described in a previous paper,? was 
used to test a series of convergent-divergent turbine 
nozzles. The results of these tests, along with the test 
of a convergent turbine nozzle, are compared with each 
other and with analytical values. Two kinds of analytical 
values are employed, namely, the usual values obtained 
from an assumed isentropic expansion from inlet state to 
exhaust pressure, and the values obtained from the as- 
sumption that the processes in the nozzle are isentropic 
except for a normal shock which takes up a position in the 
nozzle such as to cause the stream to fill the exit area at 
the exhaust pressure whenever possible. This latter kind 
of analytical value involves no shock when the exit area can 
be filled at the exhaust pressure by means of isentropic 
processes only, or when the exhaust pressure is lowered 
so far that the shock has passed out of the passage. The 
agreement of the test results with the calculated results 
of this latter kind is good, and the disagreement which 
exists can be attributed largely to separation at the shock 
and to transmission of exhaust-pressure effects upstream 
through the boundary layer. 


INTRODUCTION 


N the year 1920 the Steam Turbine Department of the 

l General Electric Company in Schenectady, N. Y., con- 

structed a machine for testing turbine nozzles with steam 

by the reaction method. Over a period of several years of test- 

ing the machine was modified to eliminate inherent errors, and 

the resulting device was described and sample test results were 
given in a previous paper,? before this Society. 

Although publication of further test results from this machine 
has been delayed many years by a deflection of the interests of 
those who developed the machine to other activities, it appears 
that no subsequently published material has made these data 
obsolete. Indeed, the evolution of the gas turbine in its various 
applications has made much of this material of more general value 
today than it was 20 years ago. 


DESCRIPTION OF APPARATUS 


The testing machine and its operation were described in detail 
in the previous publication? from which Figs. 1 and 2 are repro- 
duced. Fig. 1 shows a side elevation of the machine in a plane 
parallel to the direction of flow from the nozzle. The nozzle 
group to be tested is bolted to the bottom flange of a vertical pipe 
in such a way as to cause the nozzles to discharge horizontally. 
This vertical pipe is hung from a hollow horizontal shaft with 


1 Professor of Mechanical Engineering, Massachusetts Institute 
of Technology. Mem. ASME. 

2A Machine for Testing Steam-Turbine Nozzles by the Reaction 
Method,” by G. B. Warren and J. H. Keenan, Trans. ASME, vol. 

26, pp. 33-64. 

Re iibeted by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28—December 3, 1948, of THE 
American Society or MecHanicaL ENGINEERS. 4 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-61. 
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which it forms a vertical T. The shaft is supported at each end 
on ball bearings. The moment about the bearing axis of the 
reaction force at the nozzle is transmitted through a horizontal 
arm on the shaft to sensitive platform scales. 

The exhaust-chamber shell extends up to and envelops the 
shaft. Steam is admitted at one end of the enveloping cylinder 
and immediately enters the shaft through radial holes. It flows 
down through the vertical pipe, through the nozzle, into the ex- 
haust chamber, thence to a surface condenser. From the con- 
denser the condensate line leads through a pump to weighing 
tanks. 

Fig. 2 shows a model of the exhaust chamber, including a 
screen pad, the prototype of which was used in the full-scale 
machine to prevent dynamic action of exhaust steam on the nozzle 
arm. The pad consists of a series of coarse screen disks, with 
small central holes, set parallel to each other in that part of the 
chamber between the nozzle and the exhaust pipe. An annulus 
of fine screen is secured to each disk, concentric with it, and 
fitted closely to the chamber wall. 


VALIDITY oF Test RESULTS 


In the previous paper,? the sources of error in measurement of 
reaction were discussed at some length. The principal problem 
was to attain a quiescent condition in the exhaust chamber so that 
extraneous forces would not be applied to the nozzle arm of the 
machine. Extensive evidence presented there indicates that 
this problem was solved adequately by means of the screen pad. 

In the authors’ closure to the discussion of that paper the prin- 


‘cipal sources of error in flow measurement were discussed at 


some length. The precautions taken included various tests for 
leakage into or out of the machine, and these indicated that the 
precautions were adequate. 

The applicability of these test results to nozzles in a turbine 
assembly is a question entirely separate from that of the precision 
of measurement of the quantities involved in the test. The 
measurements yield the mass flow and the momentum flux from 
the nozzle group or cascade for certain essentially uniform inlet 
stagnation conditions and for exhaust into a space of uniform 
pressure. The velocity deduced from these two quantities is a 
hypothetical one. It is the velocity of a uniform stream having 
the mass flow and momentum flux of the actual stream. The 
kinetic energy of such a stream would be somewhat less than 
that of the actual stream because the actual stream is nonuni- 
form in velocity. Whether the velocity to be employed in the 
velocity diagram of a turbine stage should be selected to accord 
with the momentum of the actual stream or with the kinetic 
energy is a question that need not be answered here. Suffice it 
to say that as a rule the nozzle which produces greater momentum 
per unit mass of fluid will give greater energy per unit mass as 
well. 

The second consideration is that the nozzle group tested is 
arranged in an arc of infinite radius and of finite length The ex- 
tent to which turbine nozzles depart from these conditions varies 
from turbine to turbine and from stage to stage within the same 
turbine. The number of nozzles in a test group varied from 
three to sixteen and was commonly four or five. Those with 
the larger numbers should give results more nearly approximat- 
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ing the endless arc, although for supersonic exit conditions the 
approximation would probably be good in any event. 

Although the importance of conditions adjacent to the nozzle- 
exit openings was not as fully understood at the time of these 
tests as now, a reasonable effort was made to minimize the effect 
of these conditions. Downstream from the exit openings, flat 
surfaces were generally avoided. Alongside the opening the sur- 
faces were generally commensurate with those found in steam 
turbines. 

Where the radial height of the nozzle was small it was some- 
times necessary to have two parallel rows of nozzles in order to 
make the flow and reaction magnitudes large enough for precise 
measurement. The distance between rows was made 4 to 7 
times the radial height, and the intervening surface was recessed 
to permit entrainment of fluid as freely as possible. (An excep- 
tion to this rule is the reamed nozzle with a divergence ratio of 
7.9 in which the two rows were immediately adjacent to each 
other as in the turbine for which the nozzle was designed.) It is 
possible, nevertheless, that some small difference would be found 
between test results for a single row and for a double row, be- 
cause of the restriction of entrainment between rows, although 
such a comparison was never actually made. A comparison of 
characteristics of test results obtained for single rows and double 
rows reveals no consistent difference which could be attributed 
to the difference in number of rows. 

Inlet turbulence and velocity distribution were not as carefully 
controlled as they would have been had our present knowledge of 
the effects of these things existed at the time of the tests. Rea- 
sonable precautions were taken, nevertheless. The cross-sectional 
area of the approach pipe was more than 10 times as great as 
the area of the largest nozzle and was more than 50 times as great 
as the areas of some of the nozzles. 

In order to test whether a more carefully controlled inlet con- 
dition would modify the test results, a nozzle of large area was 
tested with and without a controlled inlet-velocity distribution 
and turbulence. Control was applied by inserting into the ver- 
tical approach pipe several groups of orifices in series, followed by 
baffles and screens which redistributed the flow over the entire 
pipe cross section. This device was tested with air for uniformity 
of distribution before it was inserted in the machine. Tests 
made under the controlled conditions gave velocity coefficients 
less than 0.25 per cent greater than those with the uncontrolled 
condition, a difference representing about the normal degree of 
reproducibility of the test results. 

This smallness of the difference resulting from controlling the 
inlet-velocity distribution can doubtless be attributed to a rela- 
tively high degree of turbulence in the inlet pipe. The value of 
the Reynolds number, based on pipe diameter, covered a range 
from 0.9 X 10° to 6 X 10° in the vertical inlet pipe. 

For certain nozzles, reproducibility of results was of a dis- 
tinctly lower order than for the general run of nozzles. This 
characteristic may be attributable to an instability in the flow. 
Although the incidence of this apparent instability was irregular, 
it seemed to be confined to the mechanically weaker nozzle 
structures, that is, it never occurred in nozzles having sturdy par- 
titions between passages, such as those in convergent-divergent 
nozzles. It seems probable that flexibility of the nozzle par- 
titions may have permitted more than one partially stable flow 
pattern. 

The nozzle was oriented in the machine so that the most proba- 
ble direction of the issuing stream would be perpendicular to 
the axis of the vertical approach pipe. For converged nozzles 
with a flat surface on the nozzle partition downstream from the 
nozzle throat, this flat surface was placed perpendicular to the 
approach-pipe axis. 

If the center of the issuing stream had always been vertically 
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below the bearings, then the measured reaction would have been 
the horizontal component of the resultant reaction. Because of 
the turning of the stream in the nozzle, however, the center of the 
issuing stream was always slightly off the vertical line through 
the bearings in the direction of the issuing velocity. This re- 
sulted in a measured reaction slightly greater than the horizontal 
component for upward deflection and slightly less for downward 
deflection of the jet. For upward deflection, as for a convergent 
nozzle at subsonic velocities, this effect. caused the measured re- 
action to approximate the resultant reaction within 0.1 per cent 
in virtually all cases. For downward deflection, as for a con- 
vergent nozzle at supersonic velocities, this effect caused the 
measured reaction to be less than the horizontal component by 
perhaps 1 per cent at a Mach number of 1.5. It may be said, 
therefore, that the measured reaction is very nearly the resultant 
reaction for convergent nozzles at Mach numbers less than about 
1.25 and for convergent-divergent nozzles for Mach numbers 
less than a value slightly in excess of the design value. 


EXPERIMENTAL RESULTS 


The test results shown here cover nozzles having nominal ratios 
of divergence ranging from 1 to 7.9. The nominal ratio of di- 
vergence is the ratio of a nominal exit area to the throat area 
of the nozzle. The nominal exit area is obtained by projecting 
the nozzle passage to a plane normal to the passage axis at the 
intersection of the axis with the exit plane of the nozzle group. 
This method is shown quite clearly in Fig. 4 where the nominal 
exit area of a single passage is 0.224 X 0.604 sq in., and the throat 
area is 0.162 X 0.604sqin. The nominal divergence ratio, being 
purely arbitrary, is used only for purposes of identification of 
nozzles, 

The measured values of nozzle performance are shown in Figs. 
3 to 7, inclusive, in terms of velocity coefficient and flow coeffi- 
cient. The velocity coefficient is the ratio of the measured ve- 
locity, deduced as just explained, to the velocity for isentropic ex- 
pansion from the stagnation state at inlet to the exhaust-chamber 
pressure. The flow coefficient is the ratio of the measured flow 
to the flow for isentropic expansion from the stagnation state 
at inlet to the exhaust pressure in the nozzle throat, or to the ve- 
locity of sound in the nozzle throat. The exhaust pressure is 
assumed to exist in the nozzle throat for the calculation of isen- 
tropic flow whenever this assumption yields a velocity less than 
the velocity of sound; otherwise the velocity of sound is assumed 
to exist in the nozzle throat. Another assumption which will be 
discussed is employed for some of the curves in Fig. 12. 

Isentropic values were obtained from the Steam Tables of 
Keenan and Keyes.4 The initial state for all tests shown here 
corresponded to a pressure of 200 psia and a superheat of 200 F. 
The isentrope through this state crosses the saturation line at a 
pressure of 16.5 psia, a pressure ratio of 0.22, and an isentropic 
velocity of 2586 fps. For isentropic velocities in excess of 2586 
fps, therefore, some two-phase effect must be present in the meas- 
ured values of velocity coefficient (but not in the measured values 
of flow coefficient). 

Over a considerable range it is probable that expansion pro- 
ceeds in the nozzle in the supersaturated state corresponding in 
all respects to a single-phase fluid. Nevertheless, the isentropic 
velocity as calculated is that for two-phase equilibrium and 
therefore is greater than that for the single phase. If the isen- 
tropic values had been computed for completely supersaturated, 
or single-phase expansion, the maximum velocity coefficients in 
Figs. 3 and 4 would have been unaffected, that in Fig. 5 would 
have been raised from 0.962 to 0.967, that in Fig. 6 from 0.961 


3 Footnote 2, Fig. 10. 
4 “Thermodynamic Properties of Steam,’”’ by J. H. Keenan and F, 
G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. 
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to 0.969, and that in Fig. 7 from 0.965 to unity. The last value 
indicates that the velocity issuing from the nozzle in Fig. 7 is 
augmented by condensation, but to what extent is not known. 

The characteristics of the curve of velocity coefficient in Fig. 
3 are similar to those for a convergent nozzle shown in the pre- 
vious paper.” They were discussed at some length in that earlier 
paper. : 

The curve of flow coefficient in Fig. 3 shows values of about 
1.01 in the subsonic range, changing to values of unity or slightly 
less in the supersonic range. The area of the nozzle is measured 
to a precision generally better than 1 per cent. During test 
the area may be larger than the measured area by virtue of de- 
flection of the partitions under the pressure loading. 

The high values of flow coefficient in the subsonic range are 
doubtless attributable to diffusion of the stream into the spaces 
downstream from the partition edges. This diffusion process 
causes the pressure in the throat to be lower than that in the ex- 
haust chamber, and the actual mass velocity in the throat to 
exceed that assumed in the isentropic-flow calculation. 

The isentropic mass velocity, corresponding to the velocity of 
sound in the throat, is greater than any value of mass velocity 
realized in practice. Therefore the flow coefficient should not 
exceed unity when this maximum value of the isentropic flow is 
used, that is, for pressure ratios less than 0.54. In Fig. 3 the 
corresponding value of the flow coefficient is 0.994 upon entering 
the supersonic range. The increase of about !/2 per cent as 
the exhaust pressure is further reduced is probably due to de- 
flection of the nozzle partitions, and the corresponding increase 
in throat area under the increasing pressure differential. A 
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similar effect may be observed in Fig. 4, and to a lesser degree in 
Fig. 5 where the nozzle structure is more rigid. 


The curves in Figs. 4, 5, and 6, for convergent-divergent nozzles 
‘have certain Charapteristies | incommon. These will be discussed 
‘in some detail in connection with subsequent figures. 

From the nozzle cross sections accompanying these figures 
it will be seen that the nozzle in Fig. 4 is rectangular in cross sec- 
tion and has convergence and divergence in a single plane, the 
nozzles in Figs. 5 and 6 are rectangular in cross section and have 
| Convergence and divergence in two planes, and the nozzle in Fig. 
7 is circular in cross section and is axially symmetrical up to the 
point where it intersects the exit plane. It follows, therefore, 
that the differences in performance shown by these nozzles are 
not solely attributable to differences in divergence ratio. 

In Fig. 8 the curves of velocity coefficient for the five nozzles 
are compared. The curve for the largest divergence ratio is 
: based on more experimental points in the low-velocity range 
; than are shown in Fig. 7. The record of these additional data has 

been lost—only the mean curve has survived. 

From Fig. 8 it may be seen that with increase in divergence 
ratio, a high velocity coefficient may be retained at higher and 
higher velocities (that is, Mach numbers). On the other hand, 
an increase in divergence ratio causes a decrease in velocity co- 
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efficient for any velocity less than that for maximum velocity 
coefficient. In the subsonic range this decrease results in ex- 
tremely low values of the coefficient for high divergence ratios. 
For the largest divergence ratio in Fig. 8 the minimum velocity 
coefficient is about 0.2, which corresponds to a kinetic energy of 
only 4 per cent of the isentropic kinetic energy. 

These characteristics may be largely accounted for through cer- 
tain simple assumptions as to the processes in the convergent- 
divergent nozzle. Explorations of static pressure along the axis 
of a convergent-divergent nozzle’ show that for high exhaust 
pressures the stream first expands in the nozzle to pressures be- 
low the exhaust pressure. If the exhaust pressure is high enough, 
the velocity in the nozzle throat will be subsonic, and the stream 
can compress to the exhaust pressure by simple diffusion in the 


5 ‘Pressure Distribution in a Convergent-Divergent Steam Nozzle,” 
by A. M. Binnie and M. W. Woods, Proceedings of The Institution of 
Mechanical Engineers, vol. 138, 1938, pp. 229-266. 
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divergent passage. Below a certain value of the exhaust pres- 
sure the stream expands to supersonic velocities beyond the 
throat and then compresses first through a shock and then by 
subsonic diffusion in the divergent passage. 

As the exhaust pressure is lowered, the shock moves down- 
stream. Whenit reaches the exit section the entire process within 
the nozzle is an expansion, provided that the exit section is normal 
to the nozzle axis and that the shock is thin. No further reduc- 
tion in exhaust pressure, in the absence of boundary layer, will 
affect the pressure distribution in the nozzle. The change in 
reaction with exhaust pressure is then simply the product of the 
change in exhaust pressure and the exit area of the nozzle. Thus 
the reaction and the velocity (since the flow is unaltered by 
change in exhaust pressure) become linear functions of the ex- 
haust pressure. 

In Fig. 9 the uppermost curve shows the velocity for isentropic 
expansion plotted against the over-all pressure ratio. The broken 
curve A BC D E gives the velocity issuing from a frictionless 
nozzle in which the processes are as described above. From 
A to B the velocity in the throat is subsonic and the expansion 
and recompression are reversible. From B to C a shock occurs 
in the divergent passage, being vanishingly small in the throat 
at B, and being at its greatest in the exit section at C. Along 
C D E, the conditions in the nozzle follow the isentrope and re- 
main unchanged. At D the exhaust pressure is identical with 
the lowest pressure in the nozzle passage. Between D and C 
the exhaust pressure is greater than this lowest pressure, and 
between D and £ it is less. 

The assumed divergence ratio for the curve A B C D £ in Fig. 
9 was selected to give coincidence with the isentrope at D at the 
pressure ratio corresponding to the maximum measured velocity 
coefficient. In other words, the assumed divergence ratio is 
determined by the pressure ratio of best performance. This 
procedure was followed in all subsequent calculations based 
upon a divergence ratio. The assumed divergence ratios are 
indicated on the figures. 

The measured curve, which is shown in Fig. 9 for comparison, 
parallels the curve C' D £ at the lower exhaust pressures and the 
curve A B at the higher. In between it shows some resemblance 
to the curve BC D. 

In Fig. 10 the two upper curves show the velocity coefficients 
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corresponding to the curves in Fig. 9. The two lower curves 
show a similar comparison for a nominal divergence ratio of 
7.9. Here the accord between measured and calculated is more 
striking. It appears that in this axially symmetrical nozzle 
the performance of the stream corresponds closely to the hypoth- 
esis, whereas in the nozzle of rectangular cross section separa- 
tion occurs at the shock in the nozzle, the diffusion process is less 
effective, the Mach number at the shock is lower, and the loss 
of efficiency is correspondingly less. 

In calculating the flow coefficients in Figs. 3 to 7, inclusive, 
the isentropic flow was based on the assumption that the exhaust 
pressure exists in the nozzle throat for exhaust pressures equal 
to or greater than that corresponding to an isentropic Mach num- 
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ber of unity, and that a Mach number of unity exists in the 
throat for lower exhaust pressures. ‘The corresponding calculated 
curve is indicated in Fig. 11. As previously explained, this as- 
sumption does not even approximate reality for large divergence 
ratios. The calculated flow, corresponding to the assumptions 
of curve A BC D £ in Fig. 9, is shown by the uppermost curve 
in Fig. 11, the sharp corner corresponding to point B. (Since 
Figs. 9 and 11 are for different divergence ratios, corresponding 
points do not lie on the same value of the abscissa.) The meas- 
ured curve in Fig. 11 lies between the two calculated curves. 

Fig. 12 compares the flow coefficients for all five nozzles, the 
solid curves being based upon exhaust pressure in the throat, 
the dash curves on exhaust pressure in the exit section as for curve 
A BC in Fig. 9. The dash curves show an approximate con- 
stancy of coefficient over a greater range than do the solid curves. 
For the largest divergence ratio the second assumption fits the 
flow performance very well, just as it fitted the velocity per- 
formance. 

For the two largest divergence ratios the point B in Fig. 9 
occurs at exhaust pressures greater than the greatest reached in 
the tests. For the divergence ratio 2.34, the measurements just 
attained point B. For the divergence ratio 1.38, an appreciable 
part of the range A-B was covered by tests which gave a sub- 
stantially constant flow coefficient. 

The decrease in the flow, as the exhaust pressure is increased 
toward that of point B, indicates an effect of changing exhaust 
"pressure on conditions in the nozzle throat. In view of the 
supersonic velocities downstream from the throat, this can be ex- 
plained only in terms of transmission of the effect of exhaust pres- 
sure upstream through the boundary layer. 
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CONCLUSIONS “ 


The velocity coefficient of a convergent-divergent turbin« 
nozzle passes through a maximum at an isentropic velocity cor 
responding to a divergence ratio somewhat less than the nomina 
divergence ratio of the nozzle. It passes through a minimum a: 
an isentropic Mach number which is less than 1, and which de 
creases with increase in divergence ratio. 

The variation of velocity issuing from a convergent-divergen’ 
nozzle with pressure ratio has characteristics resembling more 0: 
less closely the calculated variation based on the assumption tha: 
isentropic conditions persist in the nozzle, except for a norma 
shock, and that the pressure in the exit plane is identical witl 
the exhaust pressure whenever that is possible, and that, other 
wise, the process in the nozzle passage is completely isentropic 


Differences between the results of this calculation and tests can 
be accounted for primarily by separation at the shock, and sec- 
| ondarily by wall friction. 

| The variation of flow through a convergent-divergent nozzle is 
reasonably consistent with the hypothesis of the preceding para- 
graph. Differences between calculation and test can be ac- 
counted for by separation at the shock, transmission of exhaust- 
pressure effect upstream through the boundary layer, and fric- 
tion, in that order of importance. 
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Discussion 


_ OD. J. Buroomperc.* This particular nozzle-reaction-test ap- 
_paratus was developed and used to obtain comparative perform- 
ance data on different types of nozzle designs and constructions, 
‘including both nonexpanding and expanding nozzles. The 
“main objective of the test was to obtain performance data over 
_ the efficient operating range of pre-sure ratios. 

This nozzle-reaction-test apparatus has proved to be a very 
reliable tool for obtaining basic flow-path data, which even up 
to the present time are constantly being drawn upon for design 
information or to assist in analyzing results on nozzle and bucket 
flow-path test combinations. 

In elastic-fluid flow-path design work, there is a decided ad- 
vantage in obtaining basic data on the separate elements com- 
prising the entire flow path. From these data a calculation sys- 
tem can be worked up which can be used to predict the per- 
formance of a flow path built up of various combinations of the 
separate elements. The performance tests on the combination 
of the separate elements should serve merely as a check on the 
calculation system and not as a source of basic data. 

The author has analyzed the test data on the expanding nozzles 
in the low-pressure-drop region, which is usually neglected by 
the practical turbine designer who is mainly interested in the 
good-performance region. His demonstration of a calculation 
system which agrees even approximately with the performance 
data in the low-efficiency off-design region indicates knowledge 
of the flow action under those conditions and should be useful 
either in explaining performance results or in avoiding poor flow- 
path conditions in flow-path design. 

The author makes reference to the application of the test 
data, obtained approximately 20 years ago, to present-day prob- 
lems involved in gas-turbine design. At the time the test 
data were obtained, using steam with about 200 F superheat as 
the elastic fluid, their application to flow paths using other elastic 
fluids, such as hot gases or even higher-temperature steam, was 
not considered. The method of presenting the data in terms of 
velocity corresponding to isentropic-energy drop was at that time 
satisfactory. 

The method of presenting the test performance of a flow-path 
element in terms of velocity cocfficient, or in terms of efficiency 


6 Aircraft Gas Turbine, Engineering Division, General Electric 
Company, Schenectady, N. Y. 
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based on isentropic velocities or energies, as used in this paper, 
and also in general use in the turbine field, may be satisfactory if 
the data are used for flow path operating with the same elastic 
fluid (steam) as used in the tests and with approximately the same 
conditions of supersaturation, Mach number, and Reynolds 
number. 

If the test data obtained with steam, for example, are to be used 
accurately for the same flow path operating with hot gases or 
any other elastic fluid, then the data should be presented in the 
form of efficiency of the actual energy available in the test flow 
rather than that of the theoretical isentropic energy. 

A separate energy correction factor or factors should be used to 
correct the isentropic energies for such availability factors as 
supersaturation, moisture, Reynolds number, and any other fac- 
tor which will affect the availability of the conversion of energy 
to velocity. The use of the pressure ratio instead of velocity as 
abscissa wil’ permit a more general use of the data. 

The importance of this discussion stems from the difficulty of 
obtaining precise basic data of flow-path performance when hot 
gases are the flow medium. Steam is readily obtainable and its 
thermodynamics properties are probably better known than those 
of any other flow medium. With proper interpretation, the 
performance data obtained with steam can be applicable to the 
use of any other elastic fluid. 


D.L. Morpertu.’? The author’s results are a beautiful illustra- 
tion of the statement that a given convergent divergent nozzle is 
efficient only at the particular outlet Mach number corresponding 
to the ratio of the throat area to the discharge area. 

Referring to Fig. 1 of the paper, it is observed that the velocity 
coefficient remains high up to an isentropic velocity of approxi- 
mately 2200 fps. The writer would like to inquire whether any 
check of the static pressure actually existing at the vane throat 
was made. Since the reaction is measured, there is no means of 
determining whether the velocity calculated was produced in the 
nozzle, as a result of a contraction prior to the geometrical throat, 
or whether it was produced by continued expansion in the ex- 
haust chamber. The increase in flow coefficient just past unity 
Mach number favors this second possibility. 

If purely convergent nozzles are employed in an annulus, the 
flow area downstream of the blades may be greater than the 
throat area if the gas deflects toward the.axial direction, so that 
supersonic velocities may be produced by a type of Prandtl- 
Meyer expansion around the trailing edge of the blades—the type 
of flow which Stodola calls expansion in the wedge. The writer’s 
experience appears to indicate that in actual machines, expansion 
to Mach numbers of the order 1.4 can be attained in this manner 
with purely convergent nozzles. In the author’s test, the high 
flow coefficients at such Mach number are probably due to the 
available room for expansion in the exhaust chamber, but in the 
annulus this increase in flow area must be attained by a deflec- 
tion. Does the author think it might be possible to make use of 
this to operate at Mach numbers up to, say, 2? If so it would 
simplify governing problems considerably. 


W. R. New.® Nearly as long ago as the completion of the 
experimental program re-examined by the author, the writer’s 
company constructed and operated reaction testers of several de- 
signs. On these machines tests were run over a range of subsonic 
and supersonic velocities on a number of convergent and con- 
vergent-divergent turbine nozzles of the types commonly em- 
ployed in simple impulse and velocity compounded stages. Com- 


7 Associate Professor of Mechanical Engineering, McGill Uni- 
versity, Montreal, Can. 

8 Manager, Aviation Gas Turbine Laboratory, Westinghouse 
Electric Corporation, Philadelphia, Pa. Mem. ASME. 
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pressed air was the fluid used, and the nozzles discharged directly 
into theroom. The range of geometrical proportions of vane and 
passage cross section investigated included designs somewhat 
similar to the smaller divergence ratios discussed by the author. 
One of the significant dimensions of the nozzles tested was the 
relatively small height, usually !/2 or 3/4 in., as frequently spe- 
cified in small and moderate power steam turbines operating on 
high pressure. 

In our tests the most important characteristic of the velocity 
coefficient, when exhibited as a function of a Mach number, was 
that it reached a maximum at a Mach number greater than that 
corresponding to the nominal expansion ratio of the nozzle. 
Nominal expansion ratio was defined as the mouth area divided 
by the throat area of the passage. For example, in Fig. 4 of the 
paper we would have called (0.188 X 0.604) + (0.162 < 0.604) = 
1.16 nominal expansion ratio, whereas the author selected (0.224 
< 0.604) + (0.162 < 0.604) = 1.38 called nominal divergence 
ratio, to identify the nozzle. The ratio of isentropic enthalpy 
change at maximum velocity coefficient to that corresponding to 
the nominal expansion ratio of the passage ranged from about 
2:1 in the case of convergent nozzles to a little over unity in the 
case of nozzles of large expansion ratio. 

The second kind of anlytical approach employed by the author 
to rationalize the performance of expanding nozzles, delivering to 
a back pressure substantially higher than that corresponding to 
their expansion ratio, was found in fair agreement with the results 
of experiments on straight-line-axis nozzles of the type frequently 
used in ejectors. For turbine nozzles with a curved-line axis 
intersecting the plane of rotation at a very acute angle, the as- 
sumption of isentropic processes modified only by shock normal 
to the axis was considered to be an oversimplification. 

With the focus of attention on improving the design of turbine 
stages rather than exploring nozzle characteristics, our use of the 
reaction testers for nozzle work was rather short-lived. The 
problems of step up, leakage, entrainment, and moisture effects 
on the nozzle, working in conjunction with a closely spaced 
bladed wheel, so dwarfed the information which could be gained 
by reaction tests on nozzles alone that we expanded these experi- 
mental efforts in the direction of single and multiple-stage tur- 
bine testing. Another successor to the nozzle reaction tester 
was the impact-traverse type of flow exploration. This we em- 
ployed for many years in investigations of the effects of all fea- 
tures of geometry and Reynolds number in passages of larger 
aspect ratio, primarily those of interest in reaction-turbine 
stages. The exploratory traverse work was confined generally to 
the field of subsonic velocities. 


Brnsamin Prinxeu.’ The author is to be congratulated on 
presenting an interesting and informative paper on an important 
field in which there is very little information. 

The following questions come to mind in reading this paper: 


1 When an annular nozzle diaphragm is formed from any one 
of the nozzles tested as elements, what change in performance is 
anticipated when the flow attempts to establish radial equilib- 
rium between the pressure and the centrifugal forces? 

2 For an underexpanded nozzle, particularly in the case of 
the complete annular diaphragm, would one anticipate a change 
in direction of the flow in the free-expansion process? 


9 Cleveland, Ohio. 
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AvutTHOR’s CLOSURE 


Mr. Bloomberg points out that “with proper interpretation, t 
performance data obtained with steam can be applicable to thii 
use of any other elastic fluid” —or, one might add, to the flow | i 
steam under conditions differing from those of the tests. TH} 
effect of moisture,to which he refers, was discussed in the paper ar 
was shown to be quite negligible in all but one of the nozzles teste}#) 

He suggests the use of pressure ratio rather than isentrop 
velocity for the abscissa. Probably Mach number would ' | 
better than either. A Mach number of unity is indicated in t 
figures. i 

One can readily agree with Mr. Bloomberg that the turbine dj 
signer would like to know the effects of supersaturation, moisturf, 
Reynolds number, and (though it was not mentioned by 
Bloomberg) specific-heat ratio. | 

In response to Mr. Mordell’s question it may be said, in view cf 
various parallel investigations on nozzles similar to that of Fig. 3} 
that no contraction exists prior to the geometrical throat. i | 

It is doubtless true, as Mr. Mordell suggests, that for low 1 | 
haust pressures a Prandtl-Meyer expansion occurs around th 
exit edge first encountered by the stream and that this results i i 
an outward deflection of the jet (for the nozzles of.these tests a 
well as for an annulus of nozzles). Certainly nozzles can be de 
signed for Prandtl-Meyer expansion, and indeed, all oblique 
outlet nozzles for supersonic velocities should be so designed if th 
highest efficiency is the object. For a Mach number as high as }} 
such a nozzle may prove to have some divergence by virtue of thi 
curvature of the surface near the trailing edge of the partition. I 
is doubtful, however, that better efficiencies will be attained at lo 
velocities by this method. | 

Several implications in Mr. New’s last paragraph do not seer 
to be well founded. The reaction method of testing can providij! 
information on the effects of step up and of moisture. Such inj 
formation from the reaction test is of more general applicatioa) 
than that from tests of turbine stages, because it is complicated tH 
a lesser degree by other influences. The impact-traverse type 
exploration is not simply an alternative to the reaction test. Oni} 
might well arrange the impact-traverse, the reaction test, the tu | 
bine-stage test, and the multistage turbine test, in that orde 


1 
ranging from the most elementary to the most comprehensiv L 
test. It is obvious that each has its function. A rounded turbin@| 
development program might well include all these types simullf} 
taneously—as did the program of the General Electric Company} 
at the time these tests were run. i] 

The answer to Mr, Pinkel’s first question probably depends|] 
upon many things not specified in the question. For instance}! 
should the nozzle form be modified to make the passages “‘nest’|}) 
together? Should the axis of the nozzle stream be directed tangen4}} 
to the pitch circle of a nozzle or to that of the bucket? Thef| 


answer. } 
The answer to his second question seems to be that for a row o#| 
an annulus of nozzles if the exhaust pressure is lowered to less than 
that corresponding to the area ratio of the nozzle the stream will de4}} 
flect outward away from the plane of the nozzle openings. In theft 
extreme case, where the axial component of the velocity leaving} 
the plane of the nozzle openings is everywhere supersonic, any de i 
crease in exhaust pressure will serve to increase only the axia 


component of the final velocity, and will leave the tangential com-| 
ponent unaffected. 


I 
A large number of turbine nozzles were tested by means 
of measuring the jet reaction. The results permit a study 
of the effect of most of the variables which play a role in 
turbine design. The design of the flow elements of tur- 
bines whether they be considered as passages or as profiles 
always involves a number of compromises between con- 
flicting characteristics. Effects due to changes in the form 
of the nozzle partitions, their angle, their spacing, their 
‘length (called radial height), and their exit-edge thickness 
are shown. The tests were made during the years 1920- 
(1928. They are here presented for the record, together 
with some interpretation of their meaning in the light of 
‘modern aerodynamics. 


| INTRODUCTION 

ROF. J. H. Keenan’s paper,? dealing with reaction tests of 
4 turbine nozzles for supersonic velocities, serves also as a 
7 fitting introduction to the present paper. There is, how- 
ever, one aspect upon which this author would like to elaborate 
‘somewhat. This deals with the historical sequence of gathering 
knowledge on rows of nozzles or blades, or, as they are frequently 
‘referred to today in aerodynamic literature, lattices, grids, or cas- 
cades. 

Of late, the gas turbine has stimulated considerable lattice 
research. Often one hears the opinion expressed that no con- 
sistent worth-while lattice research had been done B.G.T., i.e., 
before the gas turbine. It is of course largely the fault of the 
turbine engineer that his work during the past score of years is 
thus overlooked. With the exception of the English Nozzle Re- 
port® and the Christlein dissertation, (1)* not many test results 
have been published, although most of the large turbine builders 
made a notable effort to improve nozzle and blade performance. 
The Warren-Keenan paper (2), the Wirt paper (3), and the Kraft- 
Berry paper (4), describe such an effort. Professor Keenan’s? 
and this paper are intended to render an account of the results 
obtained by Warren and Keenan. 

Before the test results described here became available, the 
true characteristics of the velocity coefficient with spouting ve- 
locity, nozzle size, etc., were in doubt. So much so that mis- 
taken ideas of these characteristics led to extremes in impulse- 
turbine design with, in some cases, both too many and too few 
stages. Costly mistakes could be avoided once the true char- 
acteristics were known. 


1 Aerodynamicist, General Electric Company. 

2“Peaction Tests of Turbine Nozzles for Supersonic Velocities,” 
by J. H. Keenan, published in this issue of Transactions, pages 773— 
780. 

3 ‘Reports of the Steam-Nozzle Research Committee,’ Proceedings 
of The Institution of Mechanical Engineers, 1923, pp. 1-22, 311-375; 
1924, pp. 455-525, 715-735; 1925, pp. 747-843; 1928, p. 313 1930, 
pp. 215-315. F 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 29-December 3, 1948, of 
Tore Amprican Socrety or MrecHANICAL ENGINEERS. 

“Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-59. 
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Reaction Tests of Turbine Nozzles 
| for Subsonic Velocities 


By HANS KRAFT,! SCHENECTADY, N. Y. 


It should be of interest to all concerned to see in retrospect how, 
without the help of a well-developed aerodynamic discipline, it 
was nevertheless possible to obtain improvements in performance 
which even today it is hard to exceed. It is a tribute to the 
engineer to have brought the steam turbine to a high degree of 
perfection without an adequate theory. What was available 
was test information, good judgment, correct reasoning, and a 
fine fingertip understanding of the pertinent factors derived 
from experiment. 

Today’s turbine nozzles are different in appearance from those 
presented here. The trend toward higher pressures and tempera- 
tures made them much stronger, and competitive effort bettered 
their performance. However, they have evolved gradually, not 
to say naturally, from these early specimens. 

The results of these experiments will be shown in the form in 
which they were obtained, as will also be the conclusions drawn at 
that time. The only corrections which have been made are those 
mentioned by Professor Keenan. 

A short discussion is added which attempts to explain how the 
results fit themselves into the modern aerodynamic picture of 
lattice performance. 

What is the principal difference between the physical picture of 
1920, and that of today? Primarily, it is the result of the modern 
conception of the boundary layer. While Prandtl’s work was 
known at the time when these experiments were made, the theory 
of the boundary layer was not at all the finished product it is 
today. In fact, the important contributions of von Kérmén and 
Pohlhausen had not yet appeared. The nozzle was considered 
much as a pipe in which turbulence appeared when a Reynolds 
number of 2000 was exceeded. The shear stress, due to viscosity, 
was believed to be distributed over the whole of the fluid. If the 
fluid stream was deflected as in a nozzle, the velocity gradient of 
the fluid was expected to add to the shear losses. The very im- 
portant end wall losses were physically well understood as was the 
phenomenon of jet separation. The pressure rise along the con- 
vex wall downstream from the throat was observed, but the com- 
plicated pressure and angle distribution characteristic of the 
lattice was not yet known. 

Today’s picture of lattice flow is closer to physical reality, al- 
though a reliable and workable theory is still lacking. It is real- 
ized that the phenomena are far more complicated than was 
originally expected. 

The flow cannot be considered as a sequence of independent 
jets. Rather, the flow as a whole is a continuum interrupted only 
by the regular sequence of the deflecting profiles. Each passage 
flow is under the influence of the pressure distribution established 
by all the other passages. 

The boundary layer is the only part of the fluid affected by 
shear forces. It can be laminar or turbulent and different on the 
convex and concave side. The end wall losses appear only in the 
boundary layer of the end walls and “infiltrate” into the down- 
stream flow in the form of a vortex. 

The downstream stagnation point must not necessarily be at 
the trailing edge. 

The downstream pressure distribution is seriously modified at 


‘ the ends of a finite row of passages. Thus the fact that a reaction 


test includes the contribution of the end nozzles in its measured 
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performance must be considered one of the weaknesses of this 
type of test, especially where tests were made with more than 
one pair of ends. On the other hand it may be argued, as it often 
is, that any lattice test which does not also reproduce the time 
variations introduced by the rotating elements is not reliable in 
any case. The last word in this controversy will be spoken only 
when an aerodynamic theory of the running stage is available. 

Nevertheless, suffice it to say that, wherever this reaction test 
indicated improvement, the actual turbine which incorporated the 
responsible design features followed suit if not always at the 
same magnitude. 


ReEsu.tts or TEstTs 


The original, individual tests of the various nozzles that were 
tested will not here be reproduced. 

Fig. 1, which is a reproduction of Professor Keenan’s Fig. 3,? is 
representative of the original form in which these test results 
appeared. The results are presented in various combinations 
which show the effect of the variables that are of importance 
in nozzle design. They are: form of partition (form parameter); 
nozzle angle; partition spacing (pitch); aspect ratio (radial 
height); thickness of trailing edge. 
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Fic. 1 GrapH REPRESENTATIVE OF ORIGINAL TEST RESULTS 


The nozzle performance is described by velocity and flow 
coefficient? (2), which are shown as functions of isentropic veloc- 
ity,> as determined from the variable drop from a constant 
initial pressure. This is essentially the picture of a Mach-number 
variation accompanied by a simultaneous moderate Reynolds- 
number change. Above sound velocity, a systematic error is 
introduced which is a direct consequence of the method in which 
the tests were made. In the supersonic range the steam issuing 
from the nozzle is deflected away from the nozzle face. Asa result 
the force vector of the reaction deviates from being normal to the 
approach pipe. The measured scale moment becomes smaller. 

The supersonic-velocity coefficients shown in these tests must 
therefore be corrected upward by an uncertain amount. The 
true value is between the minimum shown here and the maximum 
that is obtained if a correction is made for the deflection, on the 
assumption that all needed stream cross section is obtained by 
jet deflection, neglecting crosswise expansion. This latter as- 
sumption, in many cases, will move the peak of the velocity co- 
efficient characteristic well into the supersonic range. It is un- 
likely that this is correct. A good discussion of this rather com- 
plicated correction appears in Stodola’s work (5). 

With very few exceptions, supersonic velocities do not appear 


5 “Thermodynamic Properties of Steam,” by J. H. Keenan and 
F. G. Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. 
6 Refer to footnote 2, fig. 1, and reference (2), fig. 10. 


attractive for turbine design. For this reason no good correctio 
of these supersonic coefficients has been made as yet. 

Suffice it here to say that the characteristics shown in th 
supersonic range are increasingly conservative as velocity is in! 
creased. 

If such a correction is attempted it should be noted that oll 
center of the nozzle face is offset from the center of the pipe b | 
approximately 2 in. ly 

The initial condition for these tests was either 75 psia, 200 deg 
F superheat, or 32 psia, 250 deg F superheat. Thus both inlet# i) 
conditions are within a few degrees of the same initial tempera+f} 
ture of 500 F. It should be noted that in Figs. 3, 7, 9, and 12, theg) 
saturation line is crossed at 2890 fps. Phenomena deriving fronjf}, 
this crossing will be dealt with in a later publication. They dag}, 
not interfere with the comparisons which are presented. ; 

A short discussion of the problems involved accompanies each 
comparison. 

It should be borne in mind that these tests were planned ont 
executed with the purpose of giving answers to specific desig il 
questions. The comparisons which are shown merely make theg} 
best of an existing situation. Since very few strictly consistent 
comparable lattices were tested, a certain amount of “reading#} 
between the lines” of the experimental data is necessary. This}}} 
situation is, however, not new to the practicing engineer. it 

In the course of dealing with lattice information, a number of 
new terms were coined. The presentation is such that whenever 
such a term appears, it is properly explained directly in connection) 
with the conditions that led to its creation. 


DIscUsSION OF COMPARISONS 1 


Form of Partition. This by itself constitutes the most im-] 
portant parameter, once the nozzle spacing (pitch), angle, andj 
radial height (blade length) are given. Aerodynamically, thea] 
partition form determines to a large degree the boundary-layer} 
behavior. By its thickness the partition displaces fluid and] | 
establishes the passage cross section; hence for continuity | 
reasons, it controls the average fluid velocity. By prescribing s}} 
sequence of wall curvatures it can, furthermore, achieve local | 
modifications of velocity along the wall, including the boundary) 
layer. A partition can have a very sharp convex curvature at the} 
throat (narrowest cross section of the passage), and thus enforce al 
velocity distribution along the throat which varies greatly from 
an average velocity. The velocity will be high at the convex wall, | 
the boundary layer highly accelerated and thin. Downstream! 
from the throat this velocity must drop to average velocity, and! 
near the exit edge even below. This thickens the boundary layer jf 
and can lead to jet separation from the convex wall. In addition, 
the pressure distribution in the downstream space of such a) 
nozzle will deflect the mean stream direction away from thell 
convex partition wall. This phenomenon, sometimes called] 

“angle exaggeration” in literal translation of a German term, calls} 
for an over-all diffusion, i.e., pressure increase from the nozzle} 
throat to downstream mnfnicg: The consequence will be a high}j} 
flow coefficient if the latter is based on the assumption of down-}j] 
stream pressure at the throat. This is the theory. 

In most present-day practice not much of this diffusion will 
materialize. In most nozzle lattices, (and in a large number of i} 
compressor lattices also, ) the exit edge cannot enforce itself as the} 
downstream stagnation point. Then the exit angle is normally 
larger than theory would call for if the “Joukowsky” condition of!) 
flow separation at the end of the trailing edge were satisfied. This 
phenomenon leaves the determination of the stream angle to a 
large extent to the nonconservative shear forces in the fluid. As all 
result, the expected diffusion does not materialize to the degree it} 
would if viscosity were of no consequence. 

Thus there are two factors which can increase the nozzle} 
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‘stream angle from that given by the throat dimension: (a) The 
geometry of the contours determines the angle merely from the 
‘assumption that the stream, split by the partitions, reunites at 
the trailing edge (Joukowsky condition). (6) Fluid friction 
(viscosity) can modify this Joukowsky condition and make the 
fluid stream not follow the convex wall to the exit edge. Less of 
‘the wall is actively engaged in deflecting the stream, and the 
angle becomes larger. 

The actual performance of the nozzle, as shown by test, reflects 
the extent to which these two factors set the flow pattern. 
| The effect of form can be studied in Figs. 2, 3, and 4. Fig. 2 
shows a comparison of two partition forms for nearly the same 
nozzle pitch and angle. The radial height and with it the aspect 
ratio (radial height divided by throat width) is large (about 12). 

The 1 deg difference in nominal angle should not seriously 
hodify the comparison. Here the higher low-velocity-flow co- 
efficient of partition “A”’ reflects the sharper wall curvature at the 
throat. A comparison of velocity coefficients shows that below 
“sound velocity the partition with the smaller wall curvature 
(larger radius) holds a slight advantage in spite of the slightly 
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Fia. 2 Comparison oF Two DIFFERENT PARTITION Forms 
(Pitch = 1.050 in.; radial height = 2.610 in.) 
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Fie. 3 Comparison oF Two DirreRENT Partition Forms 
(Angle 12 deg; radial height = 0.437 in.) 
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smaller nozzle angle. Above sound velocity its performance 
drops rapidly below that of the partition with the sharper curva- 
ture. This is a phenomenon connected with a characteristic 
which has been termed “negative throat.” ‘Positive throat” 
would be the condition where the convex wall curvature ends, and 
thus the minimum passage cross section is reached before the 
stream passes the partition exit edge. The stream would then 
pass for a stretch through a passage of constant width. “Zero 
throat’? would mean the condition where the curvature ends 
exactly at the throat and negative throat, where it ends down- 
stream from the throat. 

Experience has shown that in subsonic design negative 
throat is superior to positive throat. However, if such 
nozzles operate at supersonic velocities the situation is reversed. 
This is not too surprising. The supersonic-flow pattern is de- 
pendent upon the geometry of the space surface which is the locus 
of all points in the passage where sound velocity appears, and on 
the curvature characteristics of the boundaries. At the sound 
velocity point the wall curvature must be a maximum (6, 7). If 
this is not provided, and the sound velocity surface is sharply 
curved, it is very probable, if not certain that an isentropic flow 
cannot exist (6, 7). Under these conditions shocks must occur, 
and shocks mean energy losses. This argumentation cannot as 
yet be supported rigorously by theory as the art has not pro- 
gressed that far. However, it does furnish an explanation of ex- 
perimental fact. The slightly higher (supersonic) flow coefficient 
of the poorer nozzle would indicate that its sound velocity surface 
is larger than that of the better nozzle. It may be situated fur- 
ther upstream, or may be curved more sharply, or both. 

Fig. 3 shows a comparison of two different nozzle designs for 
identical angle, radial height, and exit-edge thickness. The 
radial height is small. Here the pitch of the nozzles differs in 
addition to the form. The nozzle A with the smaller pitch 
should have an advantage, since its aspect ratio is 2.2, compared 
to the 1.4 of the larger-pitch nozzle.’ On the other hand, the 
latter has a smaller exit-edge thickness in per cent of throat 
dimension than has the former. In the subsonic range the two 
nozzles are of equal efficiency. It must be concluded that these 
effects and the effects of Reynolds number just about balance 
out as regards the losses. 

In the supersonic range the relatively larger edge space of the 
smaller-pitch nozzle becomes an advantage. It permits a better 
expansion behind the sound velocity surface. As very low 
velocities are approached, nozzle A seems to take advantage 
of its relatively larger negative throat. The flow coefficient of the 
smaller-pitch nozzle drops decisively as sound velocity is ap- 
proached, to remain roughly 3 per cent lower after it has been 
exceeded. This again indicates that nozzle B has the larger 
sound velocity surface, although this difference is rather more 
than would be expected. 

A further study of the effec of the form parameter can be made 
in Fig. 4. This is a comparison of three nozzles with the radial 
height of 1.435, and thus w th rather high aspect ratios (A:7.1, 
B:4.4, C:13.2). A and B have the same edge thickness, 
thus favoring B, while the edge of C is nearly the same pro- 
portion of throat width as that of E. The angle of C is, at 
least nominally 2 deg larger than that of the other two nozzles, a 
fact which must be kept in mind when comparing performances. 

As far as the velocity coefficient is concerned there is not much 
difference between these nozzles of such widely different design. 
Nozzle C, favored by its aspect ratio and somewhat larger 
angle, is somewhat better in the subsonic range, except for the 
very low-velocity region. This is significant since it certainly 


7 A discussion of the advantage of high aspect ratio follows later. 
For the moment the statement may be accepted without proof. 
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must be handicapped by its small scale as becomes apparent at 
very low velocity, where it rather quickly loses in comparison 
with the other nozzles. 

Nozzle C is the only nozzle partition in all these tests in 
which the convex wall curvature is carried to the exit edge without 
a flat portion. 

Nozzle B (lower aspect ratio) is poorest except above sound 
velocity. 

The supersonic-flow coefficient of nozzle B is above 100 per 
cent and is rather high throughout the whole range. No good 
explanation for this can be advanced here especially in view of the 
fact that the supersonic performance is high.’ The latter would 
argue against high curvature of the sound velocity surface. 
Nozzles A and C perform normally as far as flow coefficient 
is concerned. The partition with the sharper wall curvature at 
the throat has a higher subsonic and a lower supersonic flow 
coefficient. 

Angle. It would seem natural that a nozzle which deflects the 
stream through a smaller angle should have the better perform- 
ance. Less flow distortion must be introduced to obtain the 
desired effect. This holds good for large deflections, i.e., small 
nozzle angles. In the case of small deflections the local stream 
acceleration caused by the displacement, due to the necessarily 
finite partition thickness, begins to be of the order of magnitude 
of the acceleration needed for the useful deflection. Between the 
two extremes is a field where the contour of the blade is extremely 
important if the optimum performance is desired. 

In general, the nozzle angles in these tests belong to the group 
where an increase in angle should be of benefit. 

This is apparent in Figs.5and6. There are three nozzles rep- 
resented in Fig 5. All three use the same partition. The 
nozzle angles are 10, 1381/2, and 17 deg, respectively. Only the 
10- and 17-deg nozzles are strictly comparable, both having the 
same pitch. The 131/.-deg nozzle has a larger pitch. The reason 
for this increase is seen when the throat of the 10- and 17-deg 
nozzles is compared. While the 10-deg nozzle has a positive 
throat of 0.143 in., the 17-deg nozzle finds this dimension in- 
creased to0.184in. It is known that increasing the positive throat 
will increasingly lower the efficiency. Indeed, while the 17-deg 
nozzle performs better than the 10-deg nozzle, its velocity co- 
efficient does not show as much gain as might be expected from 
the smaller angle through which the stream must be turned. If 
this same partition is spaced at a 20 per cent larger pitch, which, 
when set at a 13!/.-deg angle, permits a negative throat of 
0.100 in., a definitely higher velocity and flow coefficient result in 
the subsonic range. Above sound velocity, in conformity with 
previous observations, the negative-throat nozzle is poorer. Also, 
for reasons explained before, the poorer nozzle has the higher flow 
coefficient above sound velocity. Both positive-throat nozzles 
show substantially the same uniform flow coefficient character- 
istic, slightly below 100 per cent. 

In Fig. 6 appear two versions of nozzles using the same parti- 
tion set at two different angles. Here the pitch of the larger-angle 
nozzle is 93 per cent of that of the smaller-angle nozzle. In con- 
sequence, while the latter has a 0.100-in. negative throat, the 
former has a 0.050-in. positive throat. These nozzles were 
tested twice. Both, especially the smaller-angle nozzle, showed 

what looked like an extraordinary scattering of the subsonic- 
velocity-coefficient readings (see Fig. 7). Over a considerable 
range of velocity, the points seem to group themselves along two 
distinct curves instead of one. Both curves are shown in Fig. 6. 
The test results suggest that, over this range two different flow 
patterns can exist. From what is known now about Reynolds- 
number effects, this assumption cannot be entirely rejected. In- 


8 Professor Keenan’s remark about a possible increase in throat 
area under load may apply here. 
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deed, similar effects, although on a smaller scale, appear in almost 
every nozzle test if it is run very carefully using a large number 
of highly accurate test points. In this case the effect is probably 


exaggerated by the low radial height which increases the relativeall} 
proportion of fluid under shear. Also, the approach conditions| 


= 
anes 


peculiar to the reaction test (which are different from those off 
other types of test) may be partly responsible for the magnitude 
of these instabilities. As to the test results themselves, both} 
nozzles show essentially the same subsonic performance, although} 
the 18-deg nozzle really should be better. The reason for its) 
deficiency can be found in the small pitch responsible for thel] 


positive throat. Above sound, as usual, the positive-throat noz-| | 


zle at the larger angle is superior. Again, the flow coefficients of 4 
the positive-throat nozzle are lower than those with negative} 
throats. 


Partition Spacing (Pitch). The spacing of nozzle partitions 
can have an appreciable effect upon performance. Increasing the} 


pitch means that the single partition must carry a higher load.| 
The lift coefficient of nozzle partitions can be safely driven to a 
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multiple of the maximum lift coefficient possible on airplane pro- 
files. Lift coefficients of 4 and higher are quite customary. In 
general, it can be said that for aspect ratios, which are not too 
small, the partition with the highest lift coefficient will furnish the 
highest performance. Then, in general, it will have a large nega- 
tive throat and a small percentage edge thickness. When well 
‘ designed, a minimum of wall surface will perform the deflection 
of the stream. Care must be taken in this case that the expected 
stream angle actually is materialized, since the “angle exaggera- 
tion’ assumes noticeable proportions. 
_ The effect of such a pitch change is apparent in Fig. 8. The 
wider-pitched nozzle with negative throat performs better than 
| the nozzle with smaller pitch and positive throat. This difference 
' persists for a good stretch into the supersonic range before it re- 
verses to give the positive throat its high-velocity advantage. 
_ The flow-coefficient behavior shows the usual pattern, generally 
higher for negative throat. 
| Aspect Ratio. It is a well-known fact that when a fluid stream 
is turned, there appears along the end walls of the passages a 
| parasitic flow pattern. The fluid that is decelerated by these end 
) walls, i.e., their boundary layers, cannot support the centrifugal 
| pressure gradient of the turning fluid. Some fluid material is 


ISENTROPIC VELOCITY ~ FT./ SEC. 
O 


§ 1007 
s 098 
to96 2 
Bose Doe 
5 109 8 
g os6§ 
Hi 096 tinh 
NOZZLE "A P NOZZLE "B ° 
tel" ¥ 10 Re" 
9 eZ, 
qi n\ 375" ° 
08" os 


25 
5 OPENINGS TESTED 


Fic.8 Tests or Same PartiTion Set aT Two DIFFERENT PITCHES 
(Radial height = 2.610; angle 131/2 deg.) 


thus short-circuited through the boundary layer, and is set into 
motion toward the convex partition wall. There it is deflected 
into the stream, and as a result, rotating fluid is carried down- 
stream, coaxial with the main streamlines. As long as the radial 
height is large enough to separate the end boundary layers, this 
flow pattern is not affected by the height of the nozzle, its energy 
loss remaining the same. Thus the nozzle with the higher aspect 
ratio is bound to perform better. This phenomenon can be easily 
observed in Figs. 9, 10, and 11. 

The results shown in Fig. 9 cover a variation of aspect ratio 
from 08 to 4.4 for an otherwise geometrically identical nozzle 
passage. There is a small change in pitch between the two models 
with small radial height and the third, but the difference is small 
enough to be neglected. The velocity coefficient behaves as must 
be expected. With increasing aspect ratio there is first a rapid 
rise, followed by a range of “diminishing return.” Of somewhat 
more interest is the change in characteristic from 0.8 aspect ratio 
to 1.4. The more “temperamental” characteristic, if such a word 
may be applied, is a clear indication that shear forces are en- 
forcing changes in the flow patternas Reynolds and Mach numbers 
are changed. This is easily possible in passages where the para- 
sitic end-wall flow is a noticeable part of the total flow pattern. 
The flow coefficient also participates in this phenomenon to a 
smaller extent. The high flow coefficient at low velocity of the 
high-aspect-ratio nozzle is worth mentioning. In all three noz- 
gles there is clearly a diffusion after the throat which is interfered 
with by the end wall phenomenon. Thus it can take place less 
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as the end-wall disturbance assumes a greater role. This physical 
picture fails to explain the slight decrease in low-velocity-flow 
coefficient from an aspect ratio of 0.8 to 1.4. Above sound 
velocity, the flow coefficient rises consistently with aspect ratio as 
might well be expected. 

A somewhat different picture is presented in Fig. 10. Here the 
aspect ratios are 2.2 and 7.1. The velocity coefficient of the 
low-aspect-ratio nozzle increases as sound velocity is exceeded. 
It must be assumed that here the end-wall flow actually separates 
from the convex corners and that this separation is suppressed as 
the supersonic flow needs additional space for expansion. Such 
action must of course improve the performance. The large- 
aspect-ratio nozzle fails to show much indication of this phenom- 
enon, although, considering its magnitude, some should be 
apparent if at the low aspect ratio the two end-wall patterns are 
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really independent from each other. If this were so, the expected 
gain of the higher nozzles should have decreased inversely as the 
radial height increased. It is safe to assume that the total theo- 
retical nozzle momentum is directly proportional to the radial 
height, and the loss is expressed in per cent of that theoretical 
momentum. The conclusion must be drawn that, in the case of 
the small radial height, there was interaction between the two 
end walls. Theoretically this is of course always the case in 
subsonic flow, although for large aspect ratio, it can be neglected 
in most cases. 

In the supersonic range the velocity coefficient of the low- 
aspect-ratio nozzle rather early overtakes that of the other 
nozzle. There is much evidence that at these velocities the 
nozzle with the squarer throat eventually is better than that 
with the rectangular throat. At what Mach number one 
begins to be better than the other depends upon the form of 
the passage. 

In so far as flow coefficients are concerned, that of the nozzle 
with the low aspect ratio appears unduly high in the subsonic 
zone. If, as has been done in the foregoing, a jet separation is 
assumed in the convex corners, then a flow coefficient above 100 
per cent is not too easily explained. It calls for a diffusion from 
the throat downstream. A diffusion together with jet separation 
does not readily occur. However, it is not impossible as the 
pressure rise behind a concentric orifice within a pipe can demon- 
strate. In the supersonic range, the flow coefficient behaves 
normally with the poorer nozzle arriving at the higher flow co- 
efficient. 

Another comparison appears in Fig. 11. This type of nozzle 
partition is made by bending a beveled and sharpened flat blade. 
It is usually directly cast into cast-iron sidewalls. The aspect 
ratio varies from 1.3 to 4.8. Little need be said about the veloc- 
ity-coefficient curves, except that their level is distinctly below 
that for formed partitions. There is very little indication that 
above sound velocity the squarer nozzle throat eventually will 
be better. 

The flow coefficient of the smallest nozzle has been omitted. 
Its characteristic and its level indicated that there was some- 
thing not in order. The other two flow coefficients are fairly con- 
sistent with the picture that has gradually become apparent. 
The smaller nozzle has the higher flow coefficient at low veloci- 
ties. This difference practically disappears as the flow becomes 
supersonic. However, here the curves do not intersect. 

Edge Thickness. It is easily seen that for best performance 
the trailing edge should have zero thickness. Since strength con- 
siderations preclude the execution of this ideal, compromises are 
necessary. It is important to know how much performance is 
lost as a safer design is used. 

Fig. 12 shows two otherwise identical nozzles where the edge 
thicknesses are 0.015 in. and 0.050 in., respectively. The nozzles 
are comparatively large-angle nozzles (18 deg). 

Below sound velocity there is considerable difference in perform- 
ance in favor of the thinner edge. This advantage is lost as 
sound velocity is exceeded. The space behind the edge, which at 
lower velocity is filled by the turbulent wake, is utilized for ex- 
pansion. ‘ 

At low velocities, the thick-edged nozzle encourages diffusion 
after the throat, as evidenced by the high flow coefficient. Above 
sound velocity, the thin-edged nozzle has the slightly higher flow 
coefficient. This appears quite reasonable. There is no reason 
why the sound-velocity surfaces should differ markedly on the 
two nozzles. The small difference is probably caused by a small 
change in pressure distribution due to the different expansion 
into the edge space unless the thinner edge deflected measurably 
under the load.? 
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APPLICATION 


Development quickly progressed past the state of knowledge | 
provided by these experiments. It became necessary to inter-} 
polate and extrapolate beyond the regions of test information. 
Figs. 12 and 14 give a sample illustration of the data which thusi 
became available. ae s| 

It should be noted that these figures show efficiency, not velocity} 
coefficient. At good performance, the efficiency is very closely’) 
equal to the square root of the velocity coefficient. 

These curves fit the test information, in general, but not with-} 
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ut some significant deviations. This had to be so considering the 
tate of the art of lattice design when the experiments were made. 
t must, however, be emphasized again that as actual turbine ex- 
erience accumulated, the conclusions drawn in these graphs 
vere remarkably well borne out by actual turbine performance. 


CoNCLUSIONS 


The engineer who wants to design the best possible turbine 
10zzle must strike the correct balance between a large number of 
rariables: 


He must weigh Mach number versus strength. 

He must consider the vagaries of Reynolds number. 

He must know that too high an aspect ratio will increase wall 
riction and edge losses; also that high negative throat is good be- 
ow sound velocity and a liability above. It makes the actual 
tream angle and the flow coefficient uncertain. Too high a 
1egative throat, on the other hand, will cause jet separation. 
xenerally a larger angle is better but decreases the aspect ratio. 
such an increase, if otherwise possible, can easily be overdone. 

He must load his partitions as highly as possible, but must 
suard against losing to aspect ratio and possibly to shock losses 
ind jet separation. 

He must form his partitions such that the boundary layers rep- 
esent the minimum loss. 

The quantitative relationships submitted here will prove help- 
ul in this difficult situation. 


_ Perhaps the greatest service performed by these experiments 
was their catalytic action. The results, while they confirmed 
she physical conceptions engineers had of nozzles at that time, 
were quite thought-provoking in many respects. The appetite 
or more detailed information grew and kept growing. An 
mpact-tube traversing test was started almost simultaneously 
3). As information accumulated, the need for still more 
nformation became apparent. In the middle 1930’s, this test was 
jut on an automatic mass-production basis (4). Much has been 
earned since about lattice behavior. It is now known that what 
seemed to be inconsistencies in test results were actually caused by 


787 


Reynolds-number variations due to variable approach, turbu- 
lence, wall roughness, and the like. 

No matter, however, what may have been added in the mean- 
time or whatever more will be learned in this field later, this infor- 
mation will retain its character as a sound and solid foundation 
for further progress. 
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The Instron Tensile Tester 


By HAROLD HINDMAN! ann G. S. BURR,? QUINCY, MASS. 


A new type of tensile-testing instrument is described, 
utilizing electronic principles for both the weighing of the 
forces on the sample and for controlling its extension. 
This instrument was designed with the idea of controlling 
these time functions accurately, and in so far as possible, of 
preventing the characteristics of the machine from obscur- 
ing the accuracy of the results. 


| INTRODUCTION 


YT NHERE is at present a rapidly developing technology de- 
voted to the study of those types of materials which possess 

2 complex chemical and physical structures. In this class 

belong principally the fields of plastics, textiles, and rubber. 

It was not long ago that many of these products were not con- 
sidered as being strictly engineering materials, in the sense that 
their physical properties could not be closely designed to suit a 
desired end purpose. In fact, a real difficulty existed in actually 
defining these physical properties in other than purely qualita- 
tive and subjective terms. Also, because formerly these ma- 
terials came from natural sources, the ability to manipulate the 
properties to secure a desired effect was largely limited. 

The situation is being changed drastically by the growth of the 
synthetics industry. Physical chemists are acquiring important 
insight into the study of long-chain molecular structure and the 
correlation with physical behavior. This work promises before 
long to enable the chemist to design on the drawing board ma- 
terials which will possess an almost unlimited variety of charac- 
teristics to meet specific needs. Furthermore, a real stimulus was 
provided by the war toward an adequate description of already 
existing products in engineering language, in order that they 
might be produced to meet the necessary rigid specifications. 

This new science has been considerably hampered by the com- 
plexity of the molecular structures involved and the attendent 
mechanical properties. Not only are there many indexes of be- 
havior required, such as instantaneous modulus, recoverable and 
nonrecoverable creep, relaxation, and hysteresis, but these proper- 
ies are strictly interdependent upon each other and upon past 
nistory with respect to time, temperature, and humidity. How- 
sver, difficult as such an analysis may seem, in many cases it is 
ust this complexity which gives to a material its most desirable 
characteristics. The designer has been increasingly cognizant 
f the correlation between mechanical behavior and service per- 
ormance, and without a doubt these indexes will grow to be 
undamental criteria of future material specifications. 

The tensile test remains the most fundamental method of 
nvestigating the physical behavior of a material. Labora- 
ories have long recognized that the correct evaluation of the 
farious properties must be made against known references of 
umidity and temperature. In addition, it is now appreciated 
hat, because of the predominant flow characteristics which are 
resent, perhaps the most important parameter of allis time, which 
as been neglected in the past largely because of the difficulties 
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of instrumentation. Mere ultimate tensile strength is no longer 
enough. The detailed shape of a stress-strain curve is assuming 
greater significance, and also of interest are the variations pro- 
duced under more or less complex loading histories, under condi- 
tions in which the time element is rigidly controlled. By this 
means it is possible to develop techniques to isolate each of the 
various properties from one another for more detailed evaluation. 

The tensile-testing instrument to be described herewith was de- 
signed in the effort to implement this new technology of poly- 
meric materials, and to minimize the testing errors inherent in the 
more conventional high-inertia weighing systems. In order to 
satisfy the requirements of flexibility and accuracy, recent de- 
velopments in electronic principles were utilized in both the load- 
weighing system and the crosshead control. It is hoped that its 
resultant versatility will find use in many other fields, such as 
paper, fine wire and foils, and adhesives, in which adequate test- 
ing instrumentation has so far been unavailable. 


GENERAL CHARACTERISTICS OF New INSTRUMENT 


The instrument incorporates a highly sensitive electronic 
weighing system employing bonded-wire strain gages for detect- 
ing and recording the load applied to the sample under test. 
The moving crosshead is operated by two vertical drive screws 
from a unique servodrive which provides an unusual flexibility of 
control over the motion of the pulling jaw. The chart of the 
recorder is driven synchronously at a wide variety of speed ratios 
with respect to the crosshead, thus enabling measurements of 
extension to be made with a large choice of magnification factors. 
The general characteristics of the machine may be outlined as 
follows: 


1 By the use of readily interchangeable load cells, full scale 
sensitivities may be obtained extending from 2 grams up to 1000 Ib 
ormore. Therefore it is possible to test, for instance, the smallest 
of single fibers as well as materials having high ultimate strengths. 

2 The accuracy of the load-detecting system is independent 
of the range in use, and is better than +0.5 per cent. 

3 The load-recording device has a high speed of response, 
which is of value in determining the short-time creep properties 
of materials as well as studying such things as multicomponent 
breaks. The response speed is likewise independent of the load 
range. 

4. The load cells exhibit essentially no deflection under the 
applied load. Therefore the motion of the pulling jaw alone 
determines the rates of extension of the sample, an important 
factor in view of the time dependence of the properties of many 
types of materials. Also, a close study is possible of the rupture 
characteristics of even the most inextensible materials. 

5 A more or less necessary corollary of the foregoing of 
course is the fact that the load-weighing system itself, aside from 
the recorder, exhibits essentially no mechanical inertia; hence it 
does not influence through its own action the properties of the 
sample to be measured. 

6 Through the operation of the servocontrolled drive, a 
simple means is available for obtaining exact crosshead speeds 
over the range from 0.02 to 20 ipm. This enables precise meas- 
urements to be made of materials having widely different degrees 
of extensibility, as well as enabling tests on a particular sample at 
greatly different loading conditions. 

7 Once selected, the crosshead speed remains absolutely con- 


789 


790 


An Exvectronic TENSILE-TESTING INSTRUMENT 


EIGa 


stant for all loads up to the capacity of the machine, so that the 
time factor is evaluated correctly in relation to the sample charac- 
teristics. 

8 The crosshead motion may be started, stopped, and reversed 
almost instantly, either manually or automatically. This fea- 
ture enables the application of virtually any type of more or less 
complex loading history to the sample. 


Tue Loap-WEIGHING SYSTEM 


The load-sensitive devices are incorporated in the removable 
load cells, one of which is shown in Fig. 2, and which are inserted 
into the upper, fixed crosshead. For the lower ranges, the gages 
are appl.ed to the surfaces of a bending beam, or cantilever, to 
which the load is applied by means of a spindle extending through 
the bottom of the cell. The cells for the higher ranges use a 
strain-sensitive member consisting of a simple tension bar with 
the gages applied to an area of reduced cross section. 

In the design of all these cells except for the lowest range, the 
central load-sensitive spindle is supported rigidly. by means of 
diaphragms, thereby eliminating sensitivity to nonaxial loading. 
Positive stops protect the unit against accidental overloading, 
and the various jaws are attached to the spindle by means of a 
bayonet-type coupling for ease of connection. 

The strain gages are connected in ‘the arms of a Wheatstone- 
bridge circuit operated from a highly stabilized 390-cycle oscilla- 
tor, as shown in Fig. 3. The resulting signa! is amplified by a 
circuit which incorporates flexible means for balancing the gages, 
so that the varying weights of jaws, fixtures, and the samples 
themselves may be compensated for. As a part of the amplifier 
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is a calibrated control for changing its sensitivity in steps of 1, 
5, 10, 20, and 50, thus enabling each load cell to provide a numb} 
of full-scale load ranges. An additional control provides meat} 
for varying the sensitivity continuously between any of thed# 
steps, so that the instrument may be calibrated for any desire 
odd value of full-scale load, such as grams per denier. The sign 
is then rectified in a special circuit which removes effectively tk} 
effects of such undesired voltages as, for example, may arise fro} 
stray 60-cycle fields. The load signal then operates a Leeds ari} 
Northrup high-speed potentiometer recorder, into which is built 
small gearbox for driving the chart synchronously at spee¢ 
ranging from 0.2 to 50 ipm. This portion of the instrument ar 
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the load-amplifier controls are shown in Fig. 4. ; 

The design of the oscillator and amplifying stages is such thal 
the sensitivity of the system remains constant over long perio 
of time. The instrument may be recalibrated in a few momen'} 
by hanging small weights to the upper jaw and adjusting tli] 
sensitivity, a process which is considerably simplified by the fay 
that the calibration need be performed for only one of the seve 
load ranges within the capacity of each cell to be effective for 4 
the other ranges. Thus to check the 50-lb cell, only a 1- 
weight need be used to adjust the sensitivity with full cal 
accuracy. 

Through the use of additional cells and accessories, it is possibly | 
to test in compression and flexure over the entire range of th 
machine while retaining its fundamental flexibility of contrd 
Furthermore, the nature of the cells is such for certain rang¢ | 
that a test may be carried continuously from tension right throug} 
into compression for special studies. | 

The ability of each cell to provide a multiplicity of full say 
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load ranges is limited, namely, on one hand by the desire to limit 
its deflection in most cases to an arbitrary value of 0.002 in., and 
on the other hand, by the necessity of obtaining a certain minimum 
electrical signal. The feature of multiple ranges has proved 
specially useful not only by enabling the operator to select easily 
the correct range for maximum clarity of record, but also by 
providing means of expanding by several times a certain portion 
of a load-elongation curve for more detailed study. 

Inasmuch as the cells have a natural frequency of several hun- 
dred cycles a second, it is the recorder which places the main 
limitation on the speed with which rapid fluctuations of load 
may be followed accurately. A high speed of response is most 
desirable in view of the short time constants encountered in 
many flow characteristics, as well as for tear tests and adhesive 
measurements in which the load function is abruptly discontinu- 
ous. Fig. 5 is an actual determination of the response charac- 
teristics of the recorder used in this instrument. The records 
were obtained by applying sudden changes of input equivalent to 
various fractions of full scale deflection and then measuring from 
the chart the time to reattain equilibrium. About 1.2 sec is 
required for a full scale travel, and it will be observed that the 
response time is roughly proportional to the amount of deflec- 
tion. ‘Thus small changes in load can be followed with quite 
rapid response. 


Tuer Drive System 


The motion of the pulling jaw is operated by means of a posi- 
tionally controlled servomechanism utilizing an amplidyne drive 
and selsyn control elements. The operation of this system is 
shown schematically in Fig. 6. A follower selsyn located in the 
main gearbox is rotated mechanically by the drive screws so 
that its angular position @ is a measure of the actual position of 
the crosshead at any instant. This unit is connected electrically 
© a reference selsyn, whose angular position 6; constitutes a 
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measure of the instantaneous desired crosshead position. - A volt- 
age may be obtained which is proportional to the difference be- 
tween 9 and 6;, or the error in position at any instant. The 
amplidyne generator is operated by this error voltage in such a 
way as to cause a rotation of the drive screws, thereby making 
the error approach zero. The torque produced by the amplidyne 
is proportional to the combination of both the magnitude of 
error and its time integral, so that automatic compensation is 
obtained for the effects of both a large external load or a constant 
applied velocity. In actual practice, the error in crosshead posi- 
tion is usually less than 0.0005 in. under steady-state conditions, 
and the system will respond very rapidly to a suddenly applied 
transient, such as an imposed reversal of motion. 

It is now apparent that by controlling the rotation of the low- 
power reference selsyn, a convenient and flexible means is availa- 
ble for operating the motion of the pulling jaw. The reference 
drive consists of a smail synchronous motor, a simple change-gear 
system for providing the desired head speeds, and fast-acting 
computer-type magnetic clutches for starting, stopping, and 
reversing the direction of rotation of the selsyn. The clutches 
are controlled by manual and automatic switches, Fig. 7, whose 
arrangement is such that almost any type of varied loading his- 
tory may be applied to the test sample to suit the needs and 
ingenuity of the operator. 

In addition to ‘‘up,’’ “down,” and “stop” buttons, “traverse”’ 
controls are provided for rapidly moving the crosshead at its 
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maximum speed in either direction. A set of adjustable vernier 
dials operate additional switches to perform the following auto- 
matic functions: 


1 Stop the return travel of the jaw at a previously set gage- 
length point to assure reproducibility in the length of sample 
tested. 

2 Initiate rapid return of the crosshead at a point beyond the 
maximum extension of the sample, to speed routine testing. 

3 Cycle the crosshead between two adjustable extension 
points for hysteresis measurements, or stop it at these points for 
relaxation studies. 

4 Cycle the instrument between any desired load points, by 
means of similar controls located in the recorder. 

Although easily adjustable, these vernier dials may be set to 
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within 0.001 in. of crosshead travel. 


determining the crosshead speeds. 


Means are provided for making a mark on the chart wheneve 
the jaw leaves or returns to the position of initial gage lengtl 
Therefore it is possible to evaluate correctly the amount ¢ 
original slack which may be present in the sample after it had 


been inserted in the machine, as well as to determine such factong 


: 
as permanent deformation after successive degrees of loading. 


Fig. 9 Unrrizep CoNSTRUCTION 


The application of servodesign principles has resulted in 
testing instrument of a very flexible nature, but at the same tim: 


avoiding what might seem to be a necessary complexity of the | 
The illustration of the main gearbox, Fig] 


various components. 
8, shows the resulting compactness of mechanical design, while i 


Fig. 9 the unitized, accessible method of construction of the} 
an advantage made possible by a 


control assemblies is shown, 
primarily electrical nature. The servomethod of operatio 
enables the addition of accessories, no 
for producing constant rates of load and constant rates o 


actual strain, pending the completion of a suitable universa 
extensometer for measuring this quantity. 
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The small door, locate 
below these controls, houses the change-gear arrangement fq 


w under development ' 
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TypicaL Loap-ELONGATION REcorpDS 


_ Several actual records are herewith presented to demonstrate 
ihe type of performance which can be expected from an instru- 
nent of this design, and its application to a variety of different 
naterials. Each record has been chosen to illustrate some 
ignificant behavior of the material, and it is believed that in cer- 
ain eases results are obtained which had previously been known 
yly through theoretical analysis. 

Fig. 10 represents the simple load-elongation curve of a single 
iber of Australian 70’s wool. It demonstrates the use of a high- 
sensitivity load range, and shows clearly the elastic region and 
low properties of the material. The spring constant of the 
wriginal kinkiness in the fiber may be evaluated from the original 
yortion of the curve. 
| Fig. 11 illustrates the similar behavior of a single fiber of a 
synthetic material, namely, viscose rayon. 

Fig. 12 is the tensile curve of a sample of Fiberglas yarn. Be- 
sause of the low inherent extensibility of the yarn, a high exten- 
jion magnification ratio was used. It will be noted that, whereas 
the latter portion of the curve was made using a 2000-gram scale, 
the initial part was recorded with a 100-gram range, thus magni- 
fying the load scale for that part of the record shown dotted. In 
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this case this technique showed the early nonlinearity as the 
fibers in the yarn were aligning themselves during the initial 
application of load. After the rupture of the sample at maxi- 
mum load, the record displays the effects of interfiber friction 
as the specimen continues to be pulled apart. 

Fig. 13 demonstrates the rupture characteristics of a half-hitch 
knot tied in a Fiberglas yarn. Each of the discontinuities in the 
curve represents the breaking of single fibers, or bundles of them, 
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as the knot tightens, and shows the advantage of a load-weighing 
system that has low inherent deflection. 

Fig. 14 shows the flow behavior of undrawn nylon yarn, which 
has very high ultimate extensibility. Of interest are the initial 
elastic region, the regression in load after the yield point has been 
reached, and the long flow region with a sudden discontinuity as 
crystallization is completed, and the subsequent formation of a 
new set of properties. 

Fig. 15 is an example of a material of fairly high strength, and 
shows how the manner of rupture of a multicomponent system 
may be analyzed. Here the first two load changes indicate the 
breaking of the major plies, while the last remaining ply dis- 
integrates fiber by fiber. 

Fig. 16 shows a standard type of tear test on a fabric, and dem- 
onstrates the need for a high speed of recorder response. 
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Fig. 18 Trnsire Cuaracreristics or HicH-GRaDE PAPER magnification. Rupture characteristically does not take plac 


at once, but, instead, the individual fibers are pulled apar}| 
Fig. 17 shows the behavior of fabric specially designed to resist gradually. 


tearing, in which a stronger yarn is woven into the material at Fig. 19 is the same type of paper sample but there the crosst{ 
regular intervals as an inhibitor. head was reversed at a number of successively higher load values} 

Fig. 18 illustrates the tensile characteristics of a high-grade the tension being released each time. This technique shows tha4| 
paper, another material of low extensibility, requiring high a form of work-hardening takes place in paper, since, for eac ! 
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shown to be much more pronounced as the sample is stretched 
into the flow region. 

Fig. 21 is the simple load-elongation curve of a typical nylon 
yarn. It can be appreciated that a curve of this sort, no matter 
how accurate, gives very little information regarding the relative 
values of elastic modulus, creep, and other functions. However, 
in Fig. 22 is shown a method for isolating the elastic modulus 
from the other properties for evaluation at various degrees of 
extension. This technique consists of loading the sample to a 
certain point and then stopping the jaw motion as shown. The 
load will now decrease with time as relaxation takes place. Then 
the sample is unloaded and the jaw again stopped, at which point 
the load will increase with time as the sample recovers. This 
procedure is now repeated with decreasing increments of load, 
until a point is reached by a process of successive approximation, 
. 3 or bracketing, at which the load will not change in either direc- 


"i SeeneS Hee See / tion when the jaw is stationary. As a result of the well-known 

i NYLON YARN crite “memory” effect of these materials, by which the sample “re- 
tae nario’ 10/1 members” all its past conditioning, a form of dynamic equilib- 
GAGE LENGTH 3.00 IN. . . 5 
MEAD OS M/MIN, rium has been set up such that the relaxation of the sample is 


exactly counterbalancing its recovery, and temporarily only the 
elastic properties remain. If now the specimen is cycled over 
short displacements about this point of no relaxation, the slopes 
of the resulting records may be measured to obtain the elastic 
modulus. At this point the head speed was reduced by 1/10 in 
order to give a measurable slope to the line. 

Inasmuch as the elastic modulus in most materials varies with 
the amount of extension of the sample, among other factors, this 
procedure should be repeated at successively higher extensions. 
The analysis will produce a graph of modulus as a function of 
epi i He i extension similar to Fig. 23. If these values are transposed to the 
Eilers At aH original load-elongation diagram, Fig. 21, a comparison may be 
made of the actual behavior of a material as against its hypothet- 
ical purely elastic properties. 

Fig. 24 illustrates some of the possible techniques available 
through the use of the automatic cycling features of the instru- 
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cycle of loading, the flow region begins at the point of maximum between two fixed values of extension. It can be seen how the 
previously applied load. By a slight modification of the fore- load decreases from peak to peak in a fashion similar to a pure 
going operation, the amounts of permanent deformation may be relaxation curve. The second part of the record is an example of 
determined as a function of varying degrees of load or extension. compound cycling, in which the sample is cycled between load at 

In Fig. 20 the crosshead was stopped instantaneously when the one limit and extension at the other. In this case, the limits con- 
load had reached a certain point. The resulting curve shows the _ sisted of maximum load of 3 Ib, and a return to the original gage 
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length. Variations of this procedure are useful in determining 
such factors as work recovery, and the relations between primary 
and secondary creep. 

Fig. 25 demonstrates an adhesive test, in which a length of 
Scotch tape is slowly pulled away from a sample of paper. Ran- 
dom fluctuations of load are obtained as the adhesive separates 
from or pulls out the fibers in the paper. This record also shows 
the manner in which the zero of the load scale may be suppressed 
and a certain portion expanded for more detailed observation of a 
record. 

Fig. 26 was first obtained accidentally during an attempt to 
obtain the previous record. The piece of Scotch tape had been 
unthinkingly applied to a length of regular chart paper, and the 
regularly spaced dips in the curve that resulted were at first a 
source of some puzzlement. Further study showed, however, 
that these dips occurred whenever the line of separation of this 
tape encountered each of the fine rulings in the chart, with a 
somewhat broader indication occurring at the heavier division. 
This may be verified readily by the reader directly from the 
record, taking into account the magnification ratio. Thus the 
adhesive action was definitely sensitive to the presence of the ink 
in the chart rulings. 


OCTOBER, 194 


EH ETRE EPR ESOT 


ADHES!I Hi): 
j|; (SCOTCH Tepe ¥€ sor BAPER) 


MAG. RATIO 5/1 
WIDTH 3/4 IN. 
HEAD 1.0 IN./ MIN, 
CHART = 5.0 IN./MIN, 


LOAD SCALE He 
1 100-200: GM. 0-600 GM. iti 
Hs , e saat 
Spry eget au 4 a 


LH. 


‘li — 
nT 


Fic. 25 Resutts of AN ADHESIVE Trest WitTH ScotcH Tarp 


ADHESIVE TEST 
(SCOTCH TAPE TO CHART PAPER) 


LOAD SCALE 0-500 GM. 


Fic. 26 Apuestve Test or Scorcn Tarr on INK-RULED PAPER | 


1h 
It 


This paper is a brief extension utilizing basic ideas pre- 
sented in an earlier paper by R. C. Martinelli (1). Heat 


| transfer to a fluid in turbulent flow between two plane 
| parallel walls is discussed for the case of an asymmetrically 
heated system in which the entire heat flux is transferred 
} at one of the walls and no heat passes through the other. 


An annulus for which the ratio of diameters approaches 
unity may approximate this case in the limit. A few re- 


marks are made regarding experiments which might yield 


information on the variation of eddy diffusivity near the 
center line of a channel, and a method is presented for 


| predicting heat-transfer coefficients for asymmetrical 


heat-transfer systems. Since the same assumptions used 
by Martinelli are applied in this paper, and since the treat- 
ment is similar, this work is considered as an extension 
only, and it is expected that the reader should have a work- 
ing knowledge of Martinelli’s paper in order to follow the 
ideas presented here. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


é 


| Ny, = Nusselt number = 
D, Um» 
Np, = Peclet number Np,: Np, = ons 
Cob 
Np, = Prandtl number = vr 
D 
Np, = Reynolds number = mks 
B 
In = natural logarithm to the base e 
A = heat-transfer surface area, sq ft 
D, = hydraulic diameter of channel, ft 
Vw 
Q=—_* — 
acyyAy V T0/ p 
c, = heat capacity at constant pressure, Btu/Ib deg F 
f = Fanning friction factor (this is the only significant 
deviation from nomenclature used by Martinelli) 
h = heat-transfer coefficient, Btu/hr ft? deg F 
k = thermal conductivity of fluid, Btu/hr ft? (deg F/ft) 
q = rate of heat flow, Btu per hr 
i = temperature, deg F 
u = velocity of fluid, fph 


1 Department of Chemical Engineering, University of Tennessee, 
Knoxville, Tenn. 

2 President, Nuclear Development Associates, Inc., New York, 
N.Y. Jun. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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1948, of Tum American Socirry or MpcHANICAL ENGINEERS. 
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of the Society. Paper No. 48—A-51. 


Heat Transfer to Liquid Metals Flowing 
in Asymmetrically Heated Channels 


By W. B. HARRISON! anp J. R. MENKE? 


y = perpendicular distance from channel wall to point in 
fluid stream, ft 
Vt» N € f/2 
yt=y Veit = (y/b) whee for parallel wall systems 
€H 
a= 
€u 
y = density of coolant, lb per cu ft 
e = eddy diffusivity, sq ft per hr 
w = viscosity of fluid, lb/ft hr 
vy = kinematic viscosity, = sq ft per hr 
Y 

p = mass density of coolant, lb-hr?/ft4 
7 = shear, psf 

Subscripts: 

asym = asymmetrical system 
m = mean condition 
max = maximum condition 
sym = symmetrical system 

w = refers to wall of channel 

H = refers to heat 

M = refers to momentum 
1 = refers tot and y/b at y* = 5 
2 = refers tot and y/b at yt = 30 
3 = refers to ¢t and y/b at yt > 30 


STATEMENT OF THE PROBLEM 


A fluid flows between two plane parallel walls, w and w’. All 
heat to or from the fluid stream passes through wall w. No heat 
flows through wall w’. 

The walls are separated by a distance 2b; the linear velocity 
(parallel to the walls) of the fluid at a given point is u; the dis- 
tance from wall w to a given point is y. It is assumed that the 
hydrodynamic and thermal fields are fully established, and it is 
postulated that the properties of the fluid are independent of 
temperature. 

The time variable has been neglected, and it has been assumed 
that, in the turbulent stream, the conditions described are rea- 
sonable averages with respect to time of the true instantaneous 
values. 

Utilizing the analogy between momentum transfer and heat 
transfer, one can predict heat-transfer coefficients if velocity 
distribution in the channel is known. It is the problem, then, 
to predict the relation between Nusselt number and Reynolds 
number for fluids having various Prandtl numbers. Since the 
true values of the eddy diffusivity near the center line of a chan- 
nel are not well established, the effect of different eddy-dif- 
fusivity values on the theoretical heat-transfer predictions for 
this case of asymmetrical heating will be examined. 


THEORETICAL APPROACH TO THE PROBLEM 


By definition, the heat-transfer coefficient is 


b= (Q/A)y vee 
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where ¢,, is the wall temperature and t,, is the mixed mean fluid 
temperature at the same cross section. 
But 


a : ta y3/b (1 — y/2b) | | 
where k is the thermal conductivity of the fluid at the wall. Lea uf ans d(y/b)... {3} 
Then te y2/b D> ————— 
ful) + as 
(i) 
h dy] y=0 = Mt 
= a OE A EERE 05 3 Di 
i Fe a [3] fly/ baile 
and Thus the temperature drop from the wall w to any point in thi i 
d stream farther from the wall than y2/b @ y* = 30is | 
t 
hD, — 4hb  d(y/b) a ty — ts = 5QaNp, + 5Q In (1 + 5aNp,) 
Ne —— SS cn enna 4 aa 1— y/2b 
k k totale Ny ete +0 f ieee gee : d(y/b).... 
Similarly to the development in Martinelli’s paper, y/b and eddy ye/b f(y/b) + aNp Vj72 
diffusivity of heat «7, may be assumed equal to zero in the st) 
laminar region near the wall. And, by definition 
Tt follows that : 
u 
Qe Ne, f ( ts) d(y/b) 
f= S d elacher RPC Tt) 4:3, Ol DADA TD 5 0 Umax 
f Cay AL aey, d (5) === gn ta ae oe AA aa 
Ais d(y/b) 
4b ‘m 2, of max 
—dt = ae Lay SR eae 
ac,yA, Vr 0/ p Mw 4 Then 
2 
aNp, Vf/2 i 
IN Nucsyr) = ys/b 1 oe 2b eke 
Ba Nppeb1n © S baN py b fet fie - Ls WE a “dey NAD 
: ESOS GD aes 
A aNp, Vf/2 


But 
eae ete eh Ds 
acryAy VTw/p g 
Then 
zat dt ] as Qa Np Np, Vf/2 ue aQ Np, Vf /2 (6] 
d(y/b) _ly/b=0 4 4 ae 


The preceding equations hold for both the asymmetrical and the 
symmetrical cases. 
Assuming that the laminar layer extends from y* = Otoy* = 5 


Vtw/p 


oY ee : 


that the buffer layer extends from yt = 5 to yt = 30; and that 
the turbulent core extends from y+ = 30 across the channel, 
the following temperature-drop equations were developed for the 
asymmetrical case: 


ll 


5) 


t1 
— i Gi -=s 0 aon N meetin etatees ccs [7] 
tw 


Laminar layer (y* = 0 to yt 


| 
= 
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1 
aNp, \/f/2 sf 


OCTOBER, 1949] 
Buffer layer (y+ = 5 to y+ = 30) 


— dt =/5Q In (1 + 5aNp,)....... 00% ‘ 


| 


Turbulent core (y+ = 30 to any y;/b > y2/b @ yt = 30) 


The treatment for the symmetrical case is identical to thef! 
treatment of the asymmetrical case except that q/A is zero at the 
center line of the channel rather than at wall w’. 

Then, for the turbulent core 


: = b 
s fe a i Ne d(y/b)... (13]} 
y2/b b i 

{A SSS ULE 
So | 
ty — ts = 5QaNp, + 5Q In (1 + 5aNp,) | 
d(y/b).... [14]]} 


ya/b (1 — y/b) 
1) 7 
we/> f(y/b) + 


aNp, V f/2 


and 


It follows that 


N nu(eym) i 


[5a Np, + 5lIn(1 + 5aNveo) fe d(y/b) os 
0 y2/b Umax J yo /b 4 


y3/b .. [16] | 


(0/0) 


d(y/b) d(ysb) 


b 
SQ/) -hig see ins Oe 
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In comparing symmetrical and asymmetrical systems, having Nr. = 108; Np, = 0.005, 0.01, 0.05, 0.70 
the same distance between walls, the same Reynolds number, ; 
) and the same Prandtl number, it is seen that the ratio of Nus- ‘s = Mig es = OR Or 00> 
selt numbers is as follows = 10#; Vp, = 0.01 
ae (eg /0) 
2[5aNp, + 5In (1 + 5aNp,)] d(y/b) d(ys/b) 
0 y2/b Umax Yy2/b b —————— 
N wu(asym) - Ky/ ) 7 a Np, Vf/2 [17] 
Nyue m) y3/b 1 — 26 ’ 
Poul mew -Mointtkle SW] T= tes - eS gaa 
° Sa” 2? Gets 
aNp, Vi/2 
Since 


. U 
2 
QO Umax 


mi 


the first part of the numerator in the right-hand side of the equa- 
— tion is equal to the first part of the denominator. The difference 
in the second parts of the numerator and denominator results 
_ from different boundary conditions, that is, heat flux is assumed 
to be zero at the center line of the channel in the symmetrical 
system, but it is zero at wall w’ in the asymmetrical system. 


CALCULATIONS 


Data of Nikuradse (2) were used to evaluate 


and 
Umax 


Late 
bVtu/p 
and these functions of y/b are shown in Figs. 1 and 2. The data 
were taken at Nz, = 1.34 X 105, and the functions were assumed 


to remain the same for all Reynolds numbers between 10! and 


E 
f(y/b) FROM DATA OF NIKURADSE 
FOR PARALLEL PLATES, Re =1.34X 10° 
f'(W/b) ASSUMED APPROXIMATION 
f'Wb) FROM DATA OF NIKURADSE 


FOR ROUND TUBES ; Re=1.05% 10° 
TO Re=3.24 xX 10% 


10°. The values of 


€M 


bVtw/p 
determined experimentally are referred to as f(y/b). Using 


f(y/b), Nusselt numbers were calculated for the following asym- 
metrical cases: 


Fic. 1 Vxnociry DistripuTion BETWEEN PARALLEL PLATES 


Fie. 2 Eppy Dirrusiviry or Momentum 


Results of these calculations are shown 
in Table 1 and in Figs. 3, 4, and 5. 

In order to explore the effect of the shape 
of the eddy-diffusivity curve near the 
center line of the channel, calculations 
were repeated after making the assump- 
tion that the eddy diffusivity remains 
constant at its maximum from 0.5 < y/b 
< 1.5. This is shown as f’(y/b) in Fig. 2. 
A paper by Brooks and Berggren (3) pre- 
sents evidence in support of this assump- 
tion. ‘There is some indication that eddy 
diffusivity goes to a maximum at the center 
line of a channel (4). One case was re- 
peated using the eddy-diffusivity data which 
Nikuradse (5) obtained in circular tubes. 
For this case, e4 was assumed to go to zero 
at the center line, as in Martinelli’s paper. 
This variation of 


‘ 


ze 1S Ee 
bVTw/p 


TABLE 1 NUSSELT NUMBERS CALCULATED FOR ASYMMETRI- 
CAL SYSTEM 


Nr, Np, Np, Nyy Basis 
005 5 X 103 18.4 f(y/b) 

~ ey 4 19:6 7/0) 
0.01 104 29.1 f(y/b) 

se 31.2 Sf’ (y/b) 
24.4 f”(y/b) 

108 0.05 5 X 104 106 f(y/b) 
113 S’(y/b) 

108 0.70 7 X 105 782 f(y/b) 
810 f'(y/b) 

105 0.005 5 X 102 8.0 f(y/b) 
8.1 f’(y/b) 

105 0.01 103 9.2 f(y/b) 
9.5 f’(y/b) 

105 0.05 5 X 103 20.5 S(y/b) 
21.8 f’(y/b) 

104 0.01 102 5.55 f(y/b) 
5.55 f’(y/b) 


B 
Fie. 4 Comparison OF CALCULATIONS FOR SYMMETRICAL AND 
ASYMMETRICAL Casges Havine Np, = 0.01 


Ficg.3 Protor Nusseitt NuMBERS CALCULATED FOR ASYMMETRICAL 


CasB 
(Note that Prandtl, Nusselt, Reynolds, and Peclet numbers in Fig. 3 and 
subsequent figures correspond to text notation as follows: Pr = N py in 


is shown in Fig. 2 as f’(y/b). Nusselt numbers calculated by 
means of f’(y/b) and f”(y/b) are also shown in Table 1 and Figs. |} 
3 and 4. The integrations involved in the calculations were 
performed graphically. In all cases, a was assumed to equal || 
unity. 


0 


LN 
Eee 


text; Re = Np, in text; Nu = Ny, in text; Pe = Np, in text.) 


41 
pec ik 
| 
4 =} me) | 
HHH 
| 
ei {| 
SYM ASYM 
=H — Re =10° ° ° 
CURVES THROUGH VALUES PRESENTED BY q Re= 408 s " 
MARTINELLI i SYMMETRICAL CASE 4 6 
A Re=10 4 4 
10 ° TH a zi bet Res 107 9 | 
LIMITING VALUE SYMMETRICAL Case = L | ae 
432 | CURVES THROUGH VALUES CALCULATED = 
— = : ee aes | | FOR ASYMMETRICAL CASE , les te cco eee 
LH ‘ ——+ [es a HE 
tnd LTT sfaatt | Lo 
LIMITING VALUE ASYMMETRICAL CASE | a2 ial | Reo elaienaya 
| | _| NOTE: DASHED LINES REPRESENT 
| | | | Nu =0.023 R&® prs | 
; | 
10 10 
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Fie. 5 Nwyu Versus Np, ror SYMMETRICAL AND ASYMMETRICAL SystTEms 
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Discussion or FIGURES 


As mentioned, Fig. 1 shows w/tmax Versus y/b, and 


b ear versus y/b 


is shown in Fig. 2. In Fig. 3 are plotted all the Nusselt num- 
bers calculated for the asymmetrical case. It is hoped that the 
Scope covered by these calculations can be broadened by ad- 
ditional calculations at a later date. Fig. 4 is a comparison of 
Nusselt numbers calculated for an asymmetrical flat-plate system 
| with values presented by Martinelli for a symmetrical flat-plate 
_ System and circular tubes, Prandtl number being constant at 0.01 
for all calculations shown. One value shown in Fig. 4 points 
out the difference in Nusselt number which results from using 
- Nikuradse’s experimental data for ey, near the center line of the 
channel, rather than the method of Martinelli. 

Fig. 5 utilizes a suggestion made by R. N. Lyon (6) for com- 
paring the calculations for symmetrical and asymmetrical sys- 
tems. It is seen that, when plotted as Ny, versus N p,, a smooth 
curve fits all calculated points rather well. This method of 

| presentation also points out under what conditions the equation, 


Dose OLO2S Nip 8 Ne 8 code ake Savas [18] 


can be expected to hold, that is, if Np, = 0.7, Equation [18] 
and Martinelli’s calculations are almost identical for all Peclet 
numbers greater than 2 X 104. Then, for symmetrical systems, 
it is indicated that Equation [18] may be used for cases having 
Np, = 0.7 and Np, => 2 X 104, and Martinelli’s calculations should 
be used for Np, < 0.7. For asymmetrical systems it is indicated 
that Equation [18] can be used for Vp, > 1.64and Np, > 104, and 
that the calculations furnished in this paper should be used for 
Np, < 1.64. 

Limiting values of Nusselt number were taken from Norris 
and Streid (7) for the symmetrical case, and from Jakob (8) for 
the asymmetrical case. Both calculations are based upon con- 
stant heat flux and parabolic velocity distribution. One would 
expect the minimum for turbulent flow to be slightly higher 
since the velocity distribution is more nearly uniform than the 
parabolic distribution on which their calculations were based. 

Figs. 6 and 7 are discussed in the following section of this 


paper. 


RECOMMENDATIONS FOR AN EXPERIMENT 
Fig. 6 shows a typical plot of 
beredi 
~ Qdly/b) 


versus y/b 


for the turbulent core. From the development of the asym- 
metrical equation, it is seen that 


Lode 1 — y/2b 
— Qadly/b) — 4 
i) + = ee aed 
f(y/®) MNS 
in the turbulent region. In the symmetrical system 
pate at 3} 1—y/b 
— Qadly/b) 4 
hay). = 
eave 


The curves resulting from the use of f’(y/b) and f"(y/b) are also 
shown on Fig. 6. It should be possible to obtain the variation of 
eddy diffusivity of heat across a channel by making a traverse 
across the channel with two thermocouples a fixed distance apart. 
This should give direct experimental measurement of 
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ROM CIRCULAR TUBE DATA O NIKURADSE - 
XTRA! OLATED TO| ZERO) AT ENTER une 
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4— 


PLATE DATA OF NIKURADSE 


APPROXIMATION 


Fie. 6 Prior or CaucuLatTED TEMPERATURE DERIVATIVES SHOWING 
Errect or Eppy-D1rrusiviry VALUES FOR AN ASYMMETRICAL CASE 


bs! 
d(y/b) 


and, as seen in Fig. 6, the shape of the curve near the center line 
of the channel should indicate what happens to the eddy dif- 
fusivity. It is likely that velocity explorations in the same chan- 
nel might yield more information on the evaluation of eddy dif- 
fusivity of momentum and, in turn, a. 

Fig. 7 shows a typical plot of temperature distribution 


t ps 
” * versus y/b 
ee 


It is seen that the shape of this curve is also greatly affected by 
the shape of the eddy-diffusivity curve. This fact also may be 
utilized in studying the eddy diffusivity. The effects produced 
by f(y/b), f’(y/b) and f"(y/b) are more pronounced in Fig. 6 
than in Fig. 7, but careful experiments should enable one to 
explore the center region adequately, utilizing either of — 
types of plots as a basis for study. 

A method for examining the asymmetrical heat-transfer coef- 
ficients would be in a “‘figure of eight’’ system in which the heat 
exchanger is composed of two rectangular channels having a 
common wall. Other confining surfaces of each stream should 
be insulated so that all heat is transferred through the wall be- 
tween the two streams. By choosing the fluid and operating 
conditions so that the temperature difference between the two 
streams is not great enough to make the physical properties of 
the streams appreciably different, the heat-transfer coefficients 
should be the same on both sides of the wall, lending simplicity 
to an experimental study by eliminating the need to measure the 
temperature of the common wall. 
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CONCLUSIONS 


Theoretical work by Martinelli on heat transfer to molten 
metals has been extended to cover the asymmetrical system hav- 
ing fluid moving between two plane parallel walls, only one of 
which permits heat transfer to the stream. At low Peclet num- 
bers, Nusselt numbers calculated in the manner outlined are 
roughly 50 per cent of the values presented by Martinelli for 
symmetrical systems. At high Peclet numbers, asymmetrical- 
system calculations are about 67 per cent of the symmetri- 
cal system calculations. 

Suggestions have been made regarding an experimental ap- 
proach for finding the variation of eddy diffusivity across a flat 
channel especially in the vicinity of the center line, and also 
for determining heat-transfer coefficients in asymmetrical sys- 
tems. 

This paper is not considered to be complete in itself, but only a 
brief extension of the work presented earlier by Dr. R. C. Mar- 
tinelli. 
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Discussion 


R. N. Lyon.® It is of interest to compare the results of these 
calculations with those of Martinelli in an effort to find some 
roughly accurate general relationship between them. If thej 
values of Nwu for symmetrically heated parallel plates, for asym4}) 
metrically heated parallel plates, and for symmetrically heated 
tubes are plotted versus Np. X Nr. or Peclet number N>., three} 
lines can be drawn which approximate the three conditions. 

Inspection of the three lines reveals the interesting fact that 
the following relations hold with reasonable accuracy up 
N pr about 0.5: 


Nwusym) = 38 + Nwnucr at the same value of Np 
Nwutasym) = 0.7 Nyucct) at the same value of, Vp. F 
INExiitasyan) = 0.7 [Niaueym —— 3] or [0.7 UNirat(syca) ay 2.1] at they, 

same value of Np, i 


In all these cases D in Nyu = hD/k and Np. = cuyD/k is thes} 
usual 44/P. where A is the flow cross section in the channel and! 
Pw is the wetted perimeter. HE 

The theoretical significance of these approximations, while 
interesting for speculation, is probably not iniportant. It is: 
felt, however, that there may be a practical value in being able} 
to convert from one situation to the other by such simple means. } 


R. C. MarTINELLI.* Since a paper by the writer? is used as a} 
basis for the present paper, it should be pointed out that an} 
error was made in that paper.’ This error was first noted byl 
Mr. R. N. Lyon. | 

The temperature distribution for the limiting case of Np, = 0% 
was shown in the former paper’ as a series of broken straight lines. || 
Actually the temperature distribution should have been parabolic. 
The equations in the reference are correct and give this parabolic 
curve, but a numerical error was made in establishing the curves, || 
which gave the erroneous temperature distribution for Npr = 0. || 
Luckily, this error seriously affects only calculations for Npr < 
0.008, and fluids with Npr 0.003 are rare. In order to set the4 
record straight, however, the corrected values of (tw — tm) /\ 


5 Oak Ridge National Laboratory, Oak Ridge, Tenn. 
6 Associate Professor of Mechanical Engineering, University of 


eri: Berkeley, Calif. Mem. ASME. Deceased January 9, | 


7 See authors’ Bibliography (1). 
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(tw — t-) and the Nusselt modulus are tabulated herewith (Tables 
2-5). In these calculations the friction factors for smooth pipes 
presented by Moody were utilized. 


TABLE 2 RATIO (tw — tm/tw — te) FOR CIRCULAR PIPES 


NRe 
NPr 2000 104 105 106 107 
0 0.600 0.564 0.558 0.553 0.550 
0.0001 0.610 0.568 0.560 0.565 0.617 
0.001 0.616 0.570 0.572 0.627 0.728 
0.01 0.621 0.589 0.639 0.738 0.813 
0.10 0.669 0.692 0.761 0.823 0.864 
1.00 0.806 0.865 0.877 0.897 0.912 
10 0.943 0.958 0.962 0.963 0.966 
100 0.991 0.992 0.993 0.993 0.994 


TABLE 3 RATIO (tw — tm/tw — te) FOR FLAT PLATES 


NR) FP. 
NPr 4.89 X 108 2.20 X 104 2.16 X 105 2.12 & 106 2.10 x 107 
0 0.745 0.718 re(Oeziital 0.707 0.704 
0.0001 0.752 0.720 0.711 OOS 0.746 
0.001 0.754 0.726 0.719 0.754 0.818 
0.01 0.758 0.731 0.769 0.824 0.874 
0.1 0.791 0.798 0.839 0.881 0.908 
1.0 0.864 0.913 0.918 0.931 Cees 
10 0.966 0.972 0.974 0.976 0.977 
100 9.995 0.996 0.996 0.996 0.996 
TABLE 4 NUSSELT MODULUS FOR CIRCULAR TUBES 
NRe 
NPr 2000 104 105 106 107 
0 5.90 7.02 Mean, 7.23 Ted 
0.0001 5.82 6.98 7.29 8.11 12/5, 
0.001 5.78 7.08 8.06 13.3 43.3 
0.003 5.85 @ot5 9.18 22.9 94.7 
0.007 5.93 7.60 12.5 38.2 184 
0.010 6.01 7.97 14.5 48.7 244 
0.030 6.34 9.66 25.7 108 605 
0.070 6.75 12,2 42.6 205 1224 
0.100 Zima) 14.0 53.0 271 1649 
0.300 8.87 21.6 107 623 3993 
0.700 11.3 31.2 179 1128 7666 
1.000 12.9 36.7 217 1416 9953 


(NRe)FP 

NPr 2000 104 105 106 107 
0 8.2 10.2 11.2 11.3 11.3 
0.0001 8.3 10.2 11.2 12.1 16.5 
0.001 8.3 10-2 12.0 16.2 46.0 
0.003 8.4 10.3 13.1 26.6 104 
0.007 8.5 11.0 16.1 43.2 196 
0.010 8.6 2 18.3 54.0 260 
0.030 8.7 12.6 30.5 116 640 
0.070 8.9 14.8 48.0 220 1300 
0.100 9.2 16.0 59.0 290 1730 
0.300 10.2 23.8 110 658 4200 
0.700 12.1 34.0 183 1160 7800 
1.000 13.9 40.0 225 1450 10200 

8 “Prietion Factors for Pipe Flow,’ by L. F. Moody, Trans. 


ASME, vol. 66, 1944, pp. 671-684. 
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It is evident that the values of Nw. are for all practical purposes 
the same as those shown in the writer’s paper,’ but the values of 
(tw — tm)/(tw — te) differ at the lower values of Nr, where the 
curves in the former paper were shown dotted. None of the 
conclusions reached in that paper is changed by this correction. 

The extension by the authors of the analogy between heat and 
momentum transfer to asymmetrically heated channels is very 
interesting and provides a badly needed basis for analyzing heat 
transfer in asymmetrically heated annuli. 

It is evident that the greatest difference between heat 
transfer in symmetrically and unsymmetrically heated channels 
occurs with molten metals. Experimental data for heat transfer 
to molten metals are necessary in order to verify the analysis’ 
presented. 

The data of Corcoran, Roudebush, and Sage,? and Woertz and 
Sherwood,!° may help clarify the question of the eddy diffusivity 
at the center of a channel. 
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Heat Transfer to Water at High Flux Densi- 


ties With and Without Surface Boiling 


By FRANK KREITH! anp MARTIN SUMMERFIELD,? PASADENA, CALIF. 


Surface coefficients of heat transfer have been obtained z = distance 
at rates of heat flux up to 3 Btu/(sq in.)(sec) for water = tube-wall thickness 
flowing in stainless-steel tubes at mass-flow rates up to = Reynolds number 
5.4 lb per sec-sq in. The nonboiling forced-convection = Nusselt number 
_ data were correlated by the Colburn equation Nua, = = Prandtl number 


0.023 Re,°-8 Pr,'/ * within ©5 per cent, but, with surface 
boiling, considerably larger Nu moduli were observed. 
When surface boiling occurred, the wall temperature was 
determined primarily by the pressure, being relatively in- 
_ sensitive to variations in velocity, heat flux, and bulk 
temperature. The maximum heat flux that could be 
removed under given conditions was limited by an un- 
steady-flow phenomenon. Data for pressure drop with 
and without nonboiling heat transfer are presented and 
correlated by an empirical viscosity correction factor. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


area, 
constant 
specific heat 
friction coefficient 
Cr (isothermal) 
(uy/ Myy)o-38 
voltage drop 
heat-transfer coefficient 
gravitational constant 
conversion constant 
dimensionless heat-transfer modulus 


( Nu 0,14 


Re Pr Up 
dimensionless heat-transfer modulus 
Nuy 
Re,Pr,'/* 
frictional pressure drop in head of liquid 
thermal conductivity 
length 
E? 
2JKiR, 
pressure 
rate of heat flow 
radius 
resistivity 
temperature 
excess temperature 
velocity 
weight rate of flow 


is) Pr’/s (e 
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INTRODUCTION 


Uncertainities existing in means for predicting heat-transfer 
coefficients of liquids at severe temperature gradients adjacent to 
the surface, especially when the surface temperature exceeds the 
boiling temperature of the liquid, led to an experimental study of 
heat transfer at heat-flux densities above 0.5 Btu/(sq in.)(sec). 
The need for such heat-transfer data arises particularly in the 
design of liquid-cooled rocket motors where heat fluxes as high 
as 6 Btu/(sq in.) (sec) have been encountered, and in more recent 
power-plant developments. 


EQUIPMENT 


A choice among steam, gas combustion, or electric heating was 
considered as means of providing high heat fluxes, and the use of 
an electrical heating source was decided upon for the following 
reasons: 


1 The heat-flux density is uniform. 

2 Heat-flux densities up to 10 Btu/(sq in.) (sec) can be ob- 
tained. 

8 The control of heat flux is relatively simple. 

4 Many geometric configurations of cooling channels can be 
studied with the same over-all setup. 

5 A reliable check on the thermal-energy output can be ob- 
tained by comparison with the electric-power input. 


The following is a description of the equipment designed for the 
purpose of investigating heat transfer from a metal wall to a 
coolant at severe temperature gradients, for which the available 
information is inconclusive (1). A line diagram illustrating the 
over-all setup of the equipment is shown in Fig. 1. The power 
is supplied by a 100-kva 440-volt step-down transformer whose 
secondary voltage can be varied from 20 to 40 volts in fifty-six 
steps by means of knife switches tapped from the primary wind- 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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ing. The electric power is dissipated in the test section which 
acts as a resistance element and is cooled by the test liquid in 
forced circulation. The heat-flux output for a given resistance 
of the test section can be decreased to about one quarter of the 
maximum by changing the voltage potential. The maximum 
heat-flux density of a test section is only a function of the total 
resistance and the heat-transfer area is shown by the following 
equations 


me [1] 

An R’Ay 1.054 0) &) gre) e) #¢ 6) ©) efia\ ele) 0) 6\16: 
RL 

BY rai saor ot asada callsknaceen dnatuh [2] 
Acs 


In practice heat-flux densities as high as 10 Btu/(sq in.) (sec) 
can be obtained by a proper balance between the cross-sectional 
area and heat-transfer area of the test section. 

The test fluid was circulated by means of a Byron Jackson Hy- 
droplex 10-stage centrifugal pump with a capacity of 50 gpm at 
500 psi outlet pressure. The heated fluid was cooled by a three- 
pass tubular heat exchanger before returning to the tank. Flow 
measurements were taken in the return line by means of rotame- 
ters at flow rates below 1.5 Ib per sec and by means of a double- 
orifice flowmeter at higher rates of flow. For the boiling heat- 
transfer tests a Grove model 161, constant-flow control valve was 
installed in the line between the pump and the test section to 
maintain a constant flow rate at different back pressures. 

All test sections which were used in the experiments consist of 
stainless-steel type 304, commercially drawn tubes, whose ends 
are silver-soldered to a copper block as shown in Fig. 2. The 
copper blocks on each end are connected to the secondary outlets 
of the transformer. The inlet and outlet lines connecting the test 
section to the rest of the hydraulic flow system are insulated 
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electrically from the test section with Durablo washers, Fig. 2. 
The physical dimensions of the test sections are given in Table 1, 
and Fig. 3 shows the over-all installation with a vertical test sec- 
tion. 

To protect the test section and personnel, several safety 
switches were included in the electrical system. These switches 
were designed to shut off the power supply when the safety 
door to the knife switches was opened, when the pump was 
turned off, and when the temperature of the tube reached 1000 F. 


EXPERIMENTAL TECHNIQUE 


Measurement of Temperatures at Ligquid-to-Wall Interface. 
The most important and also the most difficult task in heat- 
transfer studies is the determination of the temperature of the 
heat-transfer surface. It was not possible to measure a tempera- 
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(Upper left-hand corner: Mixing chamber (insulation removed). Left: 
Test section with wall thermocouples. Center: Current leads and power 
panel. ight: Transformer and voltage switches.) 


TABLE 1 PHYSICAL DIMENSIONS OF TEST SECTIONS« 


Friction 
test section 


38.1 


Surface rms (microinches)... 50 to 60 


Position of axis\i./. cb. deer Horizontal 
Distance between pressure 

TAPS erie ete tee ee 39.625 
Flow area, sq it..........6 0.218 
Heat-transfer areasqin..... ann 


All test sections were of stainless-steel type 304. 


Heat-transfer test section— 
II Ill 


38.1 17.5 


17.5 


0.527 0.535 0.587 0.587 
0.049 + 0.0015 0.0475 +0.0003 0.0208 +0.0003 0.0208 + 0.0003 
72.5 71.5 30 30 
50 to 60 


45 to 55 40 to 45 

Horizontal Vertical Vertical 

0.225 0.2705 0.2705 
64.0 32.3 32.3 
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ture at the inner wall of the electrically heated tube directly. 
| Therefore the temperature of the liquid-to-wall interface for the 
electrically heated test section was calculated from measure- 
ments of the outer-wall temperature, the voltage drop, and the 
‘ electrical and physical properties of the test section. A spot- 
welding technique which is described elsewhere (2) was modi- 
fied to install iron and constantan wires 0.005 in. OD to the outer 
surface of the tube. 

Fig. 4 is a diagram of the spot welder which was developed at 
this laboratory for fusing small wires to a metal surface without 
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any visible effects on the wire or the surface to which the wire is 
attached. The wire was held lightly to the surface by means of a 
pair of copper tweezers, and the condensers were discharged 
simultaneously. The resulting fusion weld was found to be strong 
in tension but weak in bending. Usually, however, not more than 
one out of twelve wires broke loose upon starting when the tube 
expanded suddenly and imposed a sudden bending moment on 
the wires. The wires of a thermocouple were installed about 1/3 
in. apart in a plane perpendicular to the axis of the tube. 

The temperature of the inner-wall surface was calculated from 
Equation [3], expressing the temperature distribution in an elec- 
trically heated tube which is thermally insulated on the outer 
surface (reference 3 for derivation) 


dt 1 K,B (dt) | dt E? 
dr? | oe le JER I 
7 r 


K (dr) JER 
The equation was solved by the use of Taylor’s series; the re- 
sulting expression for the temperature at the metal wall-to-liquid 
interface is 
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The location of the thermocouples for both test sections is shown 
in Figs. 5 and 6. 

The electromotive forces of the thermocouples were recorded 
on a self-balancing Leeds and Northrup “‘Speedomax,” using an 
ice bath as the cold junction. The possibility of interference with 
the operation of the Speedomax recorder by the alternating cur- 
rent present from the heater was investigated. The Speedomax 
is equipped with an internal filter, and the application of 60-mv 
_ (rms) across the thermocouple leads produced no observable 
effect regardless of phase with respect to the line voltage supply- 
ing the Speedomax. Presence of alternating-current voltages 
between the signal leads and ground caused serious trouble if 
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the recorder case was grounded through an additional connec- 
tion. If, however, no external ground was used with the Speedo- 
max, no effect of alternating current was observed! 

Measurement of Heat-Flux Density. One of the advantages of 
an electrically heated test section is the fact that the thermal- 
energy output can be checked accurately and independently by 
comparison with the electrical-power input. 

The electrical-power input was measured with a Weston model 
310 single-phase wattmeter which was connected directly across 
the voltage potential of the test section. The current was meas- 
ured through a current transformer with a 500 to 1 transfor- 
mation ratio. 

The thermal-power output was determined from measurements 
of the rate of flow, average temperature of the liquid, and tem- 
perature rise of the liquid while it was flowing through the test 
section 


aw es(TgeoTay. Oi ais Ee, (5] 
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Entering-liquid temperatures were obtained by means of a pre- 
cision thermometer and a thermocouple. The difference between 
inlet and outlet temperatures of the liquid was measured directly 
by using the inlet line as the cold junction and the outlet mixing 
chamber as the hot junction. Three iron-constantan thermo- 
couples were connected in series to obtain a large electromotive 
force (emf) output and an average temperature. The differen- 
tial temperature was measured on a Leeds and Northrup pre- 
cision hand-balancing potentiometer several times during each 
test. 

The heat-transfer area was clearly defined by the heated por- 
tion of the tube between the copper blocks. The heat-flux density 
could then be computed by either one of the following equations 


RR UA CLEE aa bles EE [6] 
A Ag 

q kw 

Sa SS SE dae bod aba oe OSe 7 
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Measurements of Fiow Rate and Pressure. Two rotameters in 
parallel were used to measure the flow rate of liquid up to 1.5 
lb per sec, and a double-orifice metering section was used at higher 
rates of flow. The differential pressures across the orifice as well 
as the test section were measured by means of Barton pressure 
gages. A mercury manometer was used for calibration of the 
Barton gages. The absolute pressure of the liquid leaving the 
test section was recorded by three Bourdon-type pressure gages of 
0 to 60, 0 to 200, and 0 to 400 psig range. The flowmeters were 
calibrated after installation gravimetrically and the test pressure 
gages were checked with a dead-weight tester. The accuracy of 
the flow and pressure measurements was well within 1 per cent. 

Operating Procedure. The pump was turned on and the valves 
were set at the desired flow rate and test-section pressure. The 
Speedomax was turned on next, and the records of the thermo- 
couple electromotive forces were checked against a precision 
mercury thermometer in the inlet line. The cooling water to the 
heat exchanger was turned on, and the voltage set at the desired 
value. After the Barton gages had been bled, the power switch 
was turned on. The mechanic and engineer took independent 
readings of Barton gages, pressure gages, mercury thermometer 
in the inlet line, and calibrating manometer during a test. The 
temperature difference between the inlet and outlet lines was 
measured by means of a hand-balancing Leeds and Northrup pre- 
cision potentiometer and compared with the automatic record 
on the Speedomax tape. Steady state was assumed to have been 
reached when at least three successive cycles of records on the 
Speedomax were in agreement. The average time for one test 
was about 15 to 20 min. 

After 60 to 70 min of operation, a check test was made in order 
to ascertain whether dirt had been deposited on the inner surface 
of the tube. These tests were made under conditions of flow, 
pressure, and power input as similar as possible to each other. If 
any deviations in the wall temperatures were noticed, the test 
section was cleaned with a dilute solution of hydrochloric acid. 
Dirt formation was noted in early tests with tap water, and in 
subsequent tests distilled water was used. All reported heat- 
transfer data were obtained with distilled water. Since the water 
was in equilibrium with atmospheric air at the suction side of the 
pump, it is probable that about 20 cc of air was dissolved per 
1000 cc of water. 

Accuracy of Results. The greatest possibility of error is in- 
volved in the determination of the temperature at the metal wall- 
to-liquid interface. One of the possible sources of error is the 
recording potentiometer whose accuracy is +0.04 mv or 1.5 
deg F. Another possible source of error is the nonuniformity of 
the tube. The tube thickness varied +0.0003 in., and, since the 
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computed temperature drop through the tube is a function of they 
square of the thickness (Equation [4]), the computed inner-wa | 
temperature is accurate only to +3 deg F under most severe 
conditions, i.e., maximum temperature drop through the metal 
wall, 

The derivation of the equation for the temperature distribution | 
in the electrically heated tube was based on certain assumptions} 

which must be justified. The assumption of a zero temperature 
gradient at the outer surface, i.e., no heat loss to the surrous ih 
ings, appears to be valid. Theoretical calculations based on 
natural convection data,‘ indicate that less than 0.1 per cent off 
the total energy was lost to the surroundings. These calculations} 1 


are substantiated by extremely close checks between electric-|4) 


power input and thermal-power output. The electrical resistivity | 
of the stainless steel was obtained from reference (5), and infor- 
mation regarding its thermal conductivity was secured by private }]) 
communication with the Bureau of Standards. The linear vari- 
ation of these properties with temperature, which was assumed 


in the solution of Equation [3], agrees very well with the experi- |} 


mental data (5). Also, it should be pointed out that the results 
obtained with tubes of different length and thickness agreed 
within the accuracy of the measurements. Furthermore, the 
experimental results in the forced-convection region agree with 
literature data obtained under similar conditions with a steam- | 
heated test section. The accuracy of the temperature at the | 
inner-wall surface is considered to be within +5 deg F in all tests. | 
The heat flux determined by Equation [6] agrees with the | 
electric-power input within 1 per cent in all nonboiling tests. In 
this manner the validity of the mixed-fluid mean-temperature 
measurements could be checked. For the tests in the boiling re- 
gion, the electric-power-input measurements were used for re- 
ducing the data because it was found that the temperature 
differences indicated by the thermocouples were consistently too 


low. It is believed that this discrepancy was caused by steam | 
bubbles in the liquid stream whose latent heat had not been ab- | 


sorbed at the point of installation of the thermocouples near the | 
outlet of the test section, 


EXPERIMENTAL RESULTS 


Pressure Drop in Turbulent Flow With Heat Transfer. It has 
been observed (1) that at a constant flow rate the friction drop 
decreases when heat is added to a liquid. In order to obtain a 
quantitative comparison of friction factors with and without 
heat transfer, a series of tests with water flowing in a stainless- 
steel tube, 0.527 in. ID and about 38 in. long, was performed at 
heat-flux densities from 0.5 to 1.6 Btu/(sq in.) (sec) in the Reyn- 
olds number range from 80,000 to 200,000, and the results 
were compared with those obtained without heating, Fig. 7. 
The Reynolds numbers for tests with heat transfer were computed 
at the bulk temperature halfway between the entrance and exit of 
the test section. Tap water was used for all friction tests. 

It was found that the friction coefficient with heat transfer 
was from 5 to 16 per cent less than the isothermal value at the 
same bulk Reynolds number, and that the amount of reduction in- 
creased as the viscosity adjacent to the wall decreased. The 
ratios of the isothermal to nonisothermal friction coefficients are 
plotted versus the ratio of the viscosities at bulk temperature to 
that at the wall temperature in Fig. 8, in order to determine a 
correction factor. It was found that the nonisothermal friction 
coefficient was equal to the isothermal value at the same bulk 
Reynolds number times the ratio of viscosities at wall tempera- 
ture to bulk temperature raised to the 0.13 power. The experi- 
mental friction factors are predicted within 3 per cent by the use 
of the correction factor for the Reynolds number range from 


4 Reference (4), p. 243. 
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100,000 to 250,000 as shown in Table 2. These results agree 


substantially with conclusions presented by McAdams.5 


Heat Transfer by Forced Convection Without Surface Boiling. 
The geometry of test section I was similar to that which was used 
by Hayes and Bartot (6) in a study of forced-convection heat 
transfer to water at Reynolds numbers and heat-flux densities 
comparable with the condition of the tests described in the pres- 
ent paper. It was expected that if the data were reliable, the 
tests in which no boiling occurred would show good agreement 
with the literature results. 

Fig. 9 provides a comparison of the nonboiling data obtained 
in the electrically heated tube with the results from reference 
(6), which were obtained in a steam-heated test section; the 
widely used Colburn equation is also shown on the same graph 


(7) 
B Nuys 
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5 Reference (4), p. 121. 
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The agreement between the nonboiling data obtained at this 
laboratory and those reported in the literature is seen to be ex- 
cellent in the experimental Reynolds number range from 50,000 
to 400,000, and at heat-flux densities from 0.5 to 1.7 Btu/(sq in.) 
(sec). The results obtained with test section II are also shown 
on the same graph, and the agreement is equally good. 

It should be pointed out, however, that the change of viscosity 
in the laminar boundary layer for water is relatively small 
(never larger than 2), and the effect of a severe temperature gradi- 
ent in more viscous liquids such as aniline may cause deviations 
from Equation [8]. In future tests it is planned to extend the 
experiments to more viscous liquids. 

The values of convective-film conductances, used for the evalu- 
ation of the Nusselt modulus, represent point values. Since the 
heat output is constant over the entire length of the tube, the 
heat-transfer coefficient could be evaluated at any point along 
the tube. In order to eliminate entrance effects, all test results 
were evaluated at distances larger than 12 diam from the en- 
trance. The change in bulk temperature was assumed to be 
linear along the tube. The results of one typical forced-convec- 
tion test are shown in Fig. 10, and the complete data and cal- 
culations for the other tests can be found in reference (8). 

For engineering calculations, it is often more convenient to 
use a Reynolds number evaluated at the bulk temperature. 
Sieder and Tate (8) have correlated heat-transfer data using the 
bulk temperature to evaluate the Re, Nu, and Pr moduli and 
correcting for the temperature gradient by means of the 


TABLE2 FRICTION IN TUBE WITH HEAT TRANSFER? 


AH D 
Cr - 3ig 
Test w TF Tw Rer X AP FX105 pw xX 105 
-3 i C. 103 lb-sec lb-sec/ 
MBoP 00 BEE Boe ° i as ‘we eo! a ft) uF/uw (uF/pw)38 Criso X 103 Cr’ X 10? Crexp/Cr’ 
126 171 9.56 4.52 1.600 ieee 3 9 1.48 1.048 4.72 4.50 1.004 
3 3 Od o2 138 175 9.33 4.41 1.565 1.00 1.57 1.060 4.70 4.43 0.998 
3 3.03 95 159 180 9.06 4.39 1.515 0.845 1.79 1.079 4.68 4.34 1.021 
4 2.18 115 154 158 5.01 4.64 1.235 0.875 1.41 1.046 4.79 4.58 1.015 
5 2.17 111 170 151 4.88 4.56 1.285 0.780 1.65 1.067 4.82 4.52 1.008 
6 2.16 114 202 155 4,74 4.47 1.245 0.630 1.98 1.093 4.80 4.39 1.025 
ie 1.84 92 173 105 3.42 4,48 1.565 0.765 2.05 1.098 5.13 4.67 Goaee 
8 1.82 97 219 110 3.22 4.33 1.480 0.570 2.60 1.132 5.10 4.51 0.9 
9 3.06 90 144 170 8.96 4.51 1.615 0.950 1.70 1.071 4.73 4.42 0.964 
10 3.06 90 181 172 8.48 3.99 1.600 0.620 2.58 ge heat 4.72 4.17 pee 
11 3.06 99 248 190 8.34 3.93 1,445 0.480 3.01 1.154 4.63 4.01 0.98 
12 3.06 89 157 170 9.17 4.32 1.615 0.855 1.89 1.086 4.73 4.36 0.998 
13 2.15 92 163 124 4.88 4.60 1.566 0.818 1.91 1.088 4.98 ae banris 
14 2.15 106 240 143 4.70 4.43 1.350 0.505 2.67 1.1386 4.87 are ieone 
ee ee a ea 
16 3.90 99 246 241 13.2 % $ F Ss ; pee pos Ooene 
224 13.75 3.98 1.566 0.690 2.27, pe ii . 2 
13 3-30 38 136 209 14,5 4.20 1.676 1.013 1.65 1.067 4,57 4.28 0.984 


@ Commercial stainless-steel, §/s-in. drawn tube; fluid, water; tube ID, 0.527 in.; 


tube length, 39.625 in. 


810 


THERMOCOUPLE LOCATION ON TUBE 


294 305 308 304 306 314 312 315 


285 292 303 305 309 314 


NUMBERS REFER TO TEMPERATURE ON OUTER WALL OF 
TUBE AS INDICATED BY THERMOCOUPLES 


oF 


n 
rs 
° 


( 

© 
° 
° 


© INNER WALL 
AE ahs 
w ia 


TEMPE RATURE 
2116 +3°R 


OUTLET TEMPERATURE 


TEMPERATURE 
rr 
° 


6 
° 


— 


= male 


INLET TEMPERATURE 
: | 


ASSUMED STRAIGHT LINE VARIATION OF FLUID 
BULK TEMPERATURE 


40 
eran INLET OF pen TUBE (1n.) 


10 
DISTANCE DOWNSTREAM 


Fie. 10 Tyrrcau Test WitsouTt SurFAcsn Borntine IN HoRIzONTAL 
Trst SECTION 


viscosity ratio of wall to bulk raised to the 0.14 power 


0,14 
Pr’/* () 10.02% Re0-2) ai. vies 
Mr 


Nu 
Re Pr 


j= 


The experimental results agree with Equation [9] within +8 per 
cent in the range of Reynolds numbers, based upon the bulk tem- 
perature, from 25,000 to 300,000. 

Attempts to correlate the experimental results with theoretical 
approaches such as presented by Boelter, Martinelli, and Jonas- 
sen (9) and Mattioli (10) were postponed until data on more 
viscous liquids are available. A cursory check on the y* value 
for test 1, Table 3, gave a value slightly below 5, which is in 
agreement with reference (9). 

Forced Convection With Surface Temperature Above Boiling 
Temperature of Liquid. There is a considerable amount of in- 
formation available for forced-convection heat transfer to a one- 
phase system (liquid or gas), but the forced-convection field, 
where the temperature of the surface in contact with the liquid 
is above the boiling temperature of the liquid and local boiling 
occurs, has not been studied to the same extent (11, 12, 13, 14). 
In particular, there is little information available in regard to the 
influences of pressure, velocity, shape of flow conduit, and surface 
finish on heat transfer with surface boiling to subcooled liquids 
at high velocities. 

In a series of preliminary tests with distilled water in test sec- 
tion I, the effect of surface boiling in the liquid adjacent to the 
wall upon heat transfer was investigated. Some of the results are 
illustrated in Fig. 5, where the bulk temperature and metal- 
surface temperature for a typical test are plotted as a function of 
distance from the entrance to the heated tube. It can be seen 
that the wall temperature is constant over the entire length, re- 


TABLE3 HEAT TRANSFER WITH SURFACE BOILING IN HORIZONTAL TEST SECTION I 
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gardless of the liquid bulk temperature which rises from 68 tc 
160 F. The lower portion of the tube is at a temperature of about 
10 deg F below that of the upper portion. It is believed that this 
temperature stratification is due to an effect of gravity. The 
difference between the wall temperature and the boiling tem 
perature of the liquid is constant over the entire test section. 

The data for test section I, presented in Table 3, are only # 
fraction of the total obtained. The results of a larger number of 
tests were discarded because later check tests indicated that a 
deposit had formed on the inner wall, especially in that portio 
of the tube where the water was the hottest. All data for test 
section I, which are presented in Table 3, with the exception off 
test 5, were obtained within 50 min after the tube was cleaned. 

Based upon the experience obtained in these preliminary ex+ 
periments, test section II was constructed, and subsequently 
data in the pressure range from 20 to 200 psia, the velocity range} 
from 6 to 13 fps, and heat-flux range from 0.7 to 3.0 Btu/(sq in.)| 
(sec) were obtained. The bulk temperature and metal-surfacey 
temperature for a typical test are plotted as a function of distance ; 
from the entrance to the heated tube, Fig. 6. Test section II 
was in a vertical position, Fig. 2, and it should be noted that there} 
is little difference in wall temperature at any cross section. 
additional test section, identical with test section II in physical 
dimensions but smoother in surface finish, was constructed and| 
used in four tests. The data obtained in tests with sections II 
and III are summarized in Table 4. 

The results of thirty-eight tests at mass-flow rates held within! 
the range 0.72 to 0.82 lb per sec are shown in Fig. 11. The excess} 
temperature 7’x, defined as the difference between the wall tem-| 
perature and the boiling temperature, is shown as a function! 
of test pressure for heat fluxes from 0.7 to 2.8 Btu/(sq in.) (sec).| 
The pressure drop in the test section was always less than 0.25) 
psi, and the test pressure was assumed constant from entrance 
to exit. The excess temperature was found to decrease with | 
pressure at a given heat flux following approximately the rela- 
tionship 


se 


This agrees quantitatively with experimental results in nucleate | 
pool boiling of saturated liquids where it was observed (15, 16, 17, | 
18, 19, 20, 21) that the temperature difference required to remove | 
a given amount of heat decreases with an increase of the pres- | 
sure on thesystem. Fig. 12, which was obtained by cross-plotting | 
the average lines from Fig. 11, shows the excess temperature 
necessary to remove a given heat flux up to 3 Btu/(sq in.) (sec) | 
at pressures of 20, 30, 50, and 200 psia for the flow-rate range men- | 
tioned previously. 

In order to determine the influence of velocity upon the heat 
transfer, a series of tests at a mass-flow rate of 1.45 Ib per sec was | 
made, and the results are plotted in Fig. 13 as ¢g/A versus 7'x, 
where, for comparison, the results from Fig. 11 are cross-plotted 
for the same pressures. Experimental data at 25, 63, 103, and 


| 
1) 
| 
} 
4 
| 
| 
\ 


i 


q/A 

Test w P. TB ae Tr Tw Tw — TB Tout 
mm, 

No. lb per sec psia deg F (sec) deg F deg F deg F Rer X 1073 deg F 
1A 0.853 18 222.5 1.22 111 284 61.5 60 
1B 0.853 18 222.5 1.22 156 283 60.5 90 } 168 
2A 1,07 21 228 1.60 110 291 60.5 74 
2B 1.07 21-228 1.60 155 294 63.5 110 } 168 
3 1.05 45 274.5 1.60 112 314 39.5 74 162 : 
4 0.553 52-284 1.57 192 334 50.0 73 243 . 
5A 0597 59” 20106ue E157 133 338 49.5 51 
5B 0.597 59 291.5 1.57 185 347 55.5 76 } 233 
6A 0820 19 225 1124 127 286 61 66 
6B 0 820 19 225 1.24 157 285 60 84 i 170 
7A 0.332 16 216 0.42 95 248 32 19.6 
7B 0332 16-216 0.42 134 246 30 28.8 } 144 
8A 1.05 150 358.5. 1.60 115 357 a4 75.6 73 


® Some surface scale found after this test. 


Fig. 11 Excess TEMPERATURE VERSUS PRESSURE FOR WATER IN 
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TABLE 4 HEAT TRANSFER WITH pea ee Ne IN VERTICAL TEST SECTIONS II 


Test w BP TR Twave Tin 
no. lb per see psia deg F deg F deg F 
Texst Ssctron II 
2 0807 ish s6¢5 Ne 30 
3 0.801 158.5 363 377.5 80 
4 0.809 158 362.5 383 80 
5 0.810 110 334.8 360.8 81 
6 0.810 110 334.8 355.3 81 
aa 0.809 110 334.8 347.8 81 
Gi eaRiatiases He gs othe Re walt 
? , ; 82 
10 0.815 65.5 298.5 321.5 82 
ilul 0.775 60.5 293 .2 326.2 82 
12 0.788 61 293.8 336.3 82 
13 0.790 36 261 316.5 83 
14 0.785 36 261 302.5 83 
15 0.785 36 261 297 83 
16 0.784 36 261 279.5 83 
17 0.820 2255 234.2 264.2 84 
18 0.822 225 234.2 281.2 84 
lp ae at cree ee a 
21 1.440 103 330 NB 76 
22 1.440 103 330 351 76 
23 1.438 104 330.7 366 76 
24 1.440 168 367.5 379 76 
RADE cect gee gh! AT 
27 1.432 24.6 239 289 77 
28 1.428 24.6 239 294 Se 
29 1.448 63 296 342 ase 
30 1.440 63 296 333 el 
31 1,438 63 296 315 Thee 
33 0.768 628 
t a 19 79 
34 0.738 40.5 268 299.5 80 
ne ae ae le a 
37 0.770 202 382.5 401.5 81 
38 0.765 168 367.5 388.5 81 
39 0.768 102.5 329.5 360 81 
40 0.768 62.5 295.5 334.5 81 
St Ae am ae 
A 1 
43 0.795 193 379 404 82 
0 BIS 82 
5 : 5 
46 0.765 45-5 25 327 82 
476 0.802 25 82 
Test Section III 
1 0.720 64 297 317 81 
Sani: 0.728 308 bd 81 
0.726 4 1 
4 0.726 153.5 360 371 81 
@ NBrefers to forced convection, no boiling. 
+’ Test section melted. 
WATER FLOWING UPWARD IN VERTICAL STAINLESS —STEEL 
COMMERCIAL TUBE O 587 inch ID 
FLOW RATE O72 < W < O82 Ib/sec 
ar, & 
(ea Ry ee Pare a as Naa 
(°F) [UNSTABLE CONDITIONS P| |__| 4 avA= 2 1 Blu/sgin sec 
X Qq/A = 1 6 Btu/sq in. sec 
= va al es a a ga hie ara 
es ee VY q/A = 0.73 Btu/sqin sec 
5 ae a Ss - 
“ae Sea ed i 
INCE 
ap 90 Hota pad SN ke SN 
NN] = 
bop Slee we SEES < 
San Sema stsceas rs 
: rales Pet PES 
10 colciaa eaeabali AD Fia. 12 


paESSURE (psia) 


VerticaL Tusp WitTH SuRFACE BoILine 


q/A Btu/ Tout IAD 
(sq in.) (sec) deg F deg F 
0.73 109 
1.10 124 
1.58 144 14.5 
2.10 164 20.5 
2.10 165 26 
1.59 144 20.5 
1.12 126 13 
0.73 110 
0.73 id 
1.12 126 23 
1.58 148 33 
2.15 170 42.5 
2.15 171 55.5 
1.62 150 41.5 
1,13 129 36 
0.73 113 18.5 
0.73 113 30 
1,13 128 47 
1.62 138 57 
1.13 101 
1.62 112 
2.10 123 21 
2.76 138 35.3 
2.73 137 11.5 
1.13 100 20.7 
1.62 113 42 
2.14 125 50 
2.78 140 55 
2.78 139 46 
2.12 125 37 
1.62 113 21 
1.14 127 55 
1.13 127 23 
aa Ks 129 31.5 
1.13 131 40 
1.15 132 55.5 
2.08 168 19 
2.08 169 mal 
2.10 169 30.5 
2.13 171 39 
2.14 176 52 
2.15 170 60 
2.76 194 25 
2.77 195 31.5 
2.78 196 45 
2.80 200 52 
2.78 
1.64 155 20 
1.63 154 30 
1.63 154 38 
1.65 154 Tl 


O 587 inch tO 
FLOW RATE 072 <W < 0.82 Ib/sec 
SURFACE rms ¥ 50 


20 
AT, (°F) 
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168 psia were obtained at heat-flux densities up to 3 Btu/(sq in.) 
(sec). The influence of velocity upon the temperature excess is 
seen to become smaller as the heat flux increases. 

Fig. 14 presents a comparison between forced convection and 
boilmg heat transfer. A bulk temperature of 150 F and mass- 
flow rates of 0.75 and 1.45 lb per sec were assumed in the con- 


Wo 145 Ib/sec (TESTS 20 TO 31) 


—— W075 Ib/sec (FROM FIGURE II) 
WATER FLOWING UPWARD IN STAINLESS — STEEL TUBE 
O 587 inches 10 


a/A (Blu/sqin sec) 


° 30 
AT, (°F) 


Fie. 13 INFLUENCE or VELOocITY Upon Excess TEMPERATURE FOR 
WATER IN VERTICAL TUBE WITH SuRFACE BoILING 


struction of the graph, which shows the temperature difference 
between wall and liquid necessary to remove a given rate of heat 
per unit area for forced convection with and without surface 
boiling. It can be seen that when the surface temperature 
reaches the boiling point of the liquid, the mechanism of heat 
transfer changes, and large increases in heat flux are accompanied 
by only minor increases in wall temperature. It can be seen 
that the influence of velocity is small compared with that of liq- 
uid pressure.§ 


6 Experimental results substantially in agreement with those re- 
ported here have been obtained by Minden and Kennel at the Massa- 
chusetts Institute of Technology under the direction of W. H. Mc- 
Adams, working with an annular test section, the inner surface of 
which was heated. (Private communication from M.I.T. dated 
January 21, 1948.) 


= WALL TEMPERATURE 
= {QUID TEMPERATURE 
T, ASSUMED 150° F 
STAINLESS - STEEL TUBE O 587 inch 1D 


7& ( Blu/sq in sec) 


o@ 


LINES FOR 
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Accepting the conventional definition for the film conductan: 
(Equation [11]), the ratio of conductances with and withow 
surface boiling can be estimated readily from Fig. 14 using th 
following relation 


ine he ee af 
A( Twa — Tia) 


Se boil AT no boil 
if eno boil 


where AT’ refers to the temperature difference between wall an 
bulk of fluid. It should be borne in mind, however, that th 
relationship holds only for the bulk temperature specified. Faq 
any other bulk temperature, similar curves can be constructey 
using the results presented in Fig. 13. 

Other investigators have shown that the nature of the soli 
surface has an important effect on heat transfer in the regio 
of surface boiling (21, 22, 23, 24,25). To examine this effect, tee 
section II was polished with emery cloth to a 40-microinch roug 
ness, and a series of tests at g/A = 1.6 Btu/(sq in.) (sec) wat 
made. The measurements are plotted in Fig. 15, together wi f 


data derived from Fig. 11, which were obtained with the sami 
test section in the unpolished condition (50-microinch roughness : 
It can be seen that the excess temperature for the polished su 
face is about 25 per cent less than that for the original surface 
at the same heat flux and test pressure. Although this result j 
rather unexpected, it agrees with theoretical considerations anji 
experimental results by Larson (25), which indicate that ! 
wettability of the surface and not the surface finish influences th 
excess temperature. Larson also observed an increase of T| 
when the surface of a stainless-steel ebullator was roughened. 


ww WATER FLOWING UPWARD IN STAINLESS-STEEL TUBE aa 


AT 0.587 inch 10 
\ oy ses inal FLOW RATE 0.72 < W> 0.80 Ib/sec 


[| |q/A = 1.6 Btu/ sq in. sec 
7, ESS eae (a ee 
oR BMA ED RES ese 


& COMMERCIAL TUBE 


rms~50 


© POLISHED TUBE 


50 100 
PRESSURE ( psia) 


Fie.15 Inruurence or Surracn Finish Upon Excrss TEMPERATUR® 


Not enough tests were made to establish this effect over the fu 
range of heat flux, velocity, and pressure. It is believed that tha 
uncertainty in wall temperature associated with this effect is no 
appreciable in the design of cooled rocket motors or other hea) 
exchangers. 

The foregoing discussion applies only to stable heat-transfet 
and flow conditions. No definite criterion for stability caz 
be presented at this time. However, the following remarks ar¢ 
presented to describe the region where operation ceased to bé 
stable: 

When the conditions of a test were such that, because of a low 
velocity and high heat flux, the excess temperature exceeded 5! 
deg F and the bulk temperature near the outlet approached th 
boiling point within 60 to 80 deg F, the test section began to vii 
brate and the differential pressure oscillated dondderebige 

After this unstable condition had been reached, a further de 
crease in velocity resulted in a failure of the test section near th 


outlet end. The tube melted suddenly over a relatively narrow 
circumferential strip about 1/s in. in width as shown in Fig. 16. 
» A safety thermocouple, designed to cut off the power supply when 
the outer-tube temperature reached 1000 F, failed to operate 
even though its response time was less than 2 sec, and its location 
less than 1/,in. from the melting zone. 

It is not clear whether the excess temperature difference or the 
bulk temperature (or a combination of both) limits the amount of 
» heat which can be removed at a given velocity. An attempt was 
‘made to investigate the bulk-temperature effect by recirculating 
the water without cooling in the heat exchanger. Unfortunately, 
the results of this test could not be interpreted because the heated 
‘water caused corrosion in the mild-steel pump, and an iron-oxide 
was precipitated on the wall of the test section. It is necessary 


Fig. 16 Faiture or Trst Section II 


either to install a high-quality filter on the downstream side of the 
test section, or to heat the water after it leaves the pump prior 
to entering the test section. 

_ These limits to the surface-boiling regime of heat transfer will 
be considered further. At this time, however, it is important 
“to note that such limits exist, and to avoid them in the design 
of cooling systems. 


CONCLUSIONS 
_ The significant conclusions reached in the present experimental 
“study of heat transfer at high heat-flux densities to water flowing 
‘ina tube are as follows: 
E- 1 When heat is transferred to water in turbulent flow without 
surface boiling in a tube, the friction coefficient at equal Reyn- 
‘olds numbers decreases in accordance with the following ratio 


C,(heat transfer) (=) paz 
Cp (isothermal) My 


2 The conventional Colburn equation 
Nu, = 0.023 Re,?-8 Pr,'/4 


correlates experimental data for water flowing in a tube in 
the Reynolds number range from 50,000 to 350,000 and at 
heat-flux densities from 0.5 to 2.0 Btu/(sq in.)(sec) within 5 
‘per cent. 

3 The heat-transfer coefficient between a metal wall and a 
liquid in turbulent flow cannot be predicted from the Colburn 
equation when the surface temperature exceeds the boiling point 
of the liquid. 

4 The surface temperature necessary to transfer a given 
amount of heat from a wall to a liquid when surface boiling oc- 
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curs is primarily a function of the pressure of the liquid. At a 
specified flow velocity, the surface temperature can be reduced 
below that required for nonboiling convective heat transfer by 
reducing the pressure to permit surface boiling. 

5 The temperature difference between the surface and the 
boiling point of the liquid seems to be the driving potential in 
heat transfer by forced convection with surface boiling. This 
temperature difference for water at a given heat flux was found to 
decrease at a velocity of about 7 fps as the reciprocal of the ab- 
solute pressure raised to the */, power, This agrees qualitatively 
with results obtained in pool boiling. 

6 The amount of heat which can be absorbed by the liquid 
at a given pressure and velocity was limited by an unstable flow 
phenomenon similar to that which occurs in flow with severe 
cavitation. No definite criterion for the limit of operational 
stability can be presented at this time. 


The research is being continued to investigate the influence of 
high heat-flux densities on the behavior of other liquids such as 
methyl alcohol, aniline, and oils. The influence of curvature of 
the flow channel will be examined, in both the boiling and non- 
boiling regimes. Such effects as the operational instability found 
at high rates of heat flux and the change in heat-transfer char- 
acteristics with surface condition will be explored more fully. 
Information on these questions should prove useful in the design 
of cooling systems for rocket motors and other high-heat-flux de- 
vices. 
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Discussion 


R. F. Larson.” It should be borne in mind, and perhaps em- 
phasized, that these tests are primarily tests in heating liquid, 
water, making use of the intermediate processes of boiling and 
subsequent condensation. Obviously, the heat-transfer rate 
q/A will be a function of the extent to which this entire process 
is completed, either within the test section or beyond it. With 
this in mind it is clear that the results are also functions of the 
geometry of the apparatus, the diameter and length of the tube, 
as well as its position. Obviously, an inclined or horizontal tube 
would not give the same results as a vertical one, thus the rates 
obtained should not be taken as representative of rates obtainable 
from other possible arrangements. 

The entire process is complex and cannot be simplified readily 
to considerations of film coefficients alone, unless the complete 
process is completed at the heat-transfer surface or adjacent to 
it. The authors, perhaps wisely, did not calculate and correlate 
such film coefficients for the case of intermediate boiling. Failure 
to recognize this may account for lack of correlation of coefficients 
possible between the results of various investigators. The un- 
stable conditions are undoubtedly dynamic phenomena set up 
by vapor-locking of the tubes at the top and a passage over to the 
film-boiling range, with resultant overheating and failure. The 
entire process is then not completed within the tube, and the safe 
capacity of the tube has been surpassed. 

That a smaller temperature excess, 7’,, — T',, above the normal 
boiling temperature follows upon polishing and perhaps otherwise 
cleaning the tube surface is indicated from both physical and sur- 
face-energy considerations. The condition for bubble initiation 
on the wall surface depends upon the wettability or the adhesion 
tension (¢gy — ozs), or better yet, the combination ozy + (ogy — 
ops), Which establishes the liquid superheat necessary. This 
property is not homogeneous along a metal surface, but varies 


7 Professor of Mechanical Engineering, University of LIllinois, 
Urbana, Ill. Mem. ASME. 
8 Author’s bibliography (25). 
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according to homogeneity of crystalline structure, presence 0 
impurities, and cleanliness. 

A high adhesion tension means a high degree of wettability) 
and this will determine the size and shape of bubbles formed o 
the surface, and how soon they will be released and swept away tj} 
be later condensed, if such occurs. The ebullition process is 
intermittent with large fluctuations of liquid superheat at a point, 
the result being a very efficient type of turbulence created just] 
where it will do the most good, at the very surface film. A rela : 
tively strongly wetted surface such as stainless steel promotes this 
process, the nuclei being sufficient in number, yet not too manyy} 
and small enough to prevent film boiling from being established 
even at fairly high rates of heat transfer. Geometric consideras}, 
tion of surface roughness will explain why surface bubbles adhere 
longer on rough surfaces, and, hence, inhibit the desirable fluc] 
tuations and resulting surface turbulence. Surface deposits} 
not only add resistance to heat transfer but may change the sur 
face wettability considerably. 

More experimentation of this type using other heating surfaces 
and other liquids, thus giving a wide range of wettability or sur- 
face free energy, are in order. That a lower pressure drop ac+ 
companies the surface-boiling phenomenon, in spite of the adde di 
turbulence, is probably due to the presence of the vapor phase 
and offers added motive for investigating further the use of boil: 
ing to improve over-all heat transfer. However, how far one 
can go in this direction without encountering vapor lock on 
vapor film boiling depends upon not only control of surface 
ebullition but also upon control and disposal of the vapor bubbles | 
after they leave the surface. The entire process, both boiling i 
and condensation, if such is to occur, should be considered in the ij 
design of such a heat exchanger. If boiling and evaporation i 
are the aim, then disposal of vapor is of prime importance. | 

| 


AUTHORS’ CLOSURE 


The authors appreciate Professor Larson’s comments on this} 
paper. They agree that more experimental work of this typ@}! 
with other heating surfaces and other liquids is in order. Sined// il 
the publication of this paper, an experimental program with} 
aniline and n-butyl alcohol has been completed, and the results i 
of this study will be published soon. | 

As Professor Larson points out, the heat-transfer process| 
with surface boiling is complex and does not lend itself readily \ 
to a theoretical treatment. However, the results from recenq 
tests at this laboratory with an annular test section (with forced) | 
flow) and with a stainless-steel strip submersed in a subcoolkiy 
water bath? have provided additional clues to the mechanis ‘| 
of surface boiling and its limitations. Data were obtained re 
garding the upper limit of heat flux which can be removed b 


i 
ii 
water with surface boiling, and also the factors causing th t 
idl 
|) 
i 


i 


breakdown of the heat-transfer processes were studied quali 
tatively. The annular test section which was used for thesd 
tests was formed between a stainless-steel heating tube (8/3 in if 
OD) and a transparent pyrex jacket (°/s in. ID). The heated \ 
section of the tube was 7 in. long. The test section was locate 
in a vertical position, and the cooling water from the laboratory 
supply system entered at the bottom. 
Burnout conditions were investigated at heat-flux values fron 
2 to 8 Btu/sq in. sec, in the velocity range from 2 to 14 fps, and 
the pressure range from 15 to 75 psia. The results of the testd: 
are correlated in a manner suggested by McAdams in Fig. 17 of | 
this closure, where the heat flux at burnout is plotted agains} 
the product of the entrance velocity times the subcooling tem} . 


® “Photographic Study of Bubble Formation in Heat Transfe} 
to Subcooled Water,” by F. C. Gunther and F. Kreith, Heat 
Transfer and Fluid Mechanics Institute, ASME Publication, Ma; 
1949, pp. 113-138. i] 
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Fic. 17 Burnout Conpitions ror ANNULAR Test SECTION 
(Data for tap water.) 


perature (which is defined as the temperature difference between 
saturation temperature at the test pressure and the bulk tempera- 
ture of the liquid). The results obtained by McAdams, et al,” 
in burnout tests with water are superimposed on the graph of 
Figure 17. McAdams used an annular test section which was 
3.75 in. long and was formed between a stainless-steel tube 0.25 
in. OD and a jacket 0.77 in. ID. The following data are also 
shown in Fig. 17: 


1 Burnout range which had been encountered with the 
‘tubular test section No. II. 

2 Range of unsteady flow conditions (vibrations) with the 
tubular test section No. I. 


It can be seen from an inspection of Fig. 17, that the results 
obtained with test sections of widely varying geometry are in 
agreement. 

In passing, it is of interest to point out that the burnout heat 
flux appears to depend upon the suddenness with which the 
critical conditions are approached. Two methods of approaching 
burnout conditions were utilized during the tests for which the 
data are shown in Fig. 17: 


1 In some tests, burnout conditions were approached at a 
constant heat flux (after steady-state cooling conditions had 
been established) by decreasing the amount of subcooling by 
reducing the pressure on the test section and/or by decreasing 
the velocity of the coolant liquid. (Solid curve.) 

2 In an alternate approach to burnout conditions, the heat 
flux was increased in steps of about 0.1 Btu/sq in. sec, and the 
flow and pressure were maintained constant. However, for each 
heat-flux level, which was determined by the voltage across the 
heater tube, it was necessary to apply the electric power instan- 
taneously to the test section. (Dashed curve.) 


10 ‘‘Ffeat Transfer at High Rates to Water With Surface Boiling,” 
by W. H. McAdams, J. N. Addoms, and W. E. Kennel, Department 
of Chemical Engineering, Massachusetts Institute of Technology, 
December, 1948. (Report issued by Argonne National Laboratories. ) 


When technique (2) was used, burnouts occurred at higher 
velocities and at lower bulk temperatures (more subcooling) 
than when burnout conditions were approached by method (1). 
The directions or methods by which burnout conditions were 
approached are indicated in Fig. 17 by arrows. It is believed 
that when burnout conditions were approached by method 
(2), the rate of heating was so rapid that the critical range of 
surface temperature was traversed in a time which was com- 
parable to or less than that required to establish equilibrium 
surface boiling conditions, and that the temperature of the tube 
could have exceeded momentarily the equilibrium temperature, 
resulting in a premature burnout. Based upon the photographic 
observations reported® previously, the time required to establish 
the surface-boiling heat-transfer mechanism is estimated to be 
from 0.001 to 0.005 sec, while the time available in approach 
(2) is estimated to be of the order of 0.002 sec at a heat-transfer 
rate of 4 Btu/sq in. sec, and becomes even less at larger values 
of heat flux. 

A clue to the reason why the geometry of the test section is 
of relatively small importance upon the burnout limits was 
obtained from visual inspection and photographs of the boiling 
mechanism in the annular test section. It was observed that 
when the bulk temperature of the water in the test section was 
subcooled 75 deg F or more, only a very small amount of vapor 
existed in the main stream. Furthermore, the burnouts in the 
annular test section were not caused by a vapor lock at the top 
of the annulus, but rather by local vapor blanketing. It appears 
that this blanketing phenomenon is’ insensitive to the over-all 
geometry of the test section. 

Additional information regarding the mechanism of surface 
boiling has been obtained from high-speed motion pictures of 
the bubble growth and collapse cycles on a flat strip heater.? 
The conclusions drawn from these data are substantially in 
agreement with the foregoing argument, namely, that the heat 
transfer process in the surface-boiling regime is dependent only 
on local conditions adjacent to the surface, and is relatively 
independent of the over-all geometry of the system. 


A Ventilated Thermal-Insulation Structure 
for High-Temperature Marine Power Plants 


By A. L. LONDON! anp C. R. GARBETT,? STANFORD, CALIF. 


This paper presents a method of design for a ventilated 
thermal-insulation structure suitable for high-tempera- 
ture marine power plants. Such a structure is of sub- 
stantially smaller thickness than the conventional type 
when designed for the same heat leak to the machinery 
space. This reduction, however, is obtained at the ex- 
pense of increased heat leak from the thermodynamic 
working substance. Nevertheless, the cost in terms of 
plant fuel consumption may not be excessive. The ven- 
tilating air, which carries away the greater portion of the 
energy, is shown to have moderate requirements of flow 
rate, number of ducts, and blower power. The conclu- 
sions of the analysis are supported by some preliminary 
test results. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


D; = inside diameter of primary-insulation layer 
D, = outside diameter of primary-insulation layer 
G = mass velocity of ventilating air, lb/(sec-ft?) 
h, = fluid film conductance, Btu/(hr-ft?-deg F) 
k = thermal conductivity, Btu/(hr-ft?-deg F/ft) 
l = length of duct over which ventilating air passes, ft 
q, = heat leak from the working substance, Btu/(hr-ft? of hot 
area) 
q = heat leak into the ventilating air, Btu/(hr-ft? of hot area) 
qo = heat leak into the machinery space, Btu/(hr-ft? of hot 
area) 
R, = thermal resistance of fluid film in ventilating space (hr- 
ft?-deg F)/Btu 
Ry, Ry refer to inner and outer surfaces 


R, = thermal resistance of thin outer blanket insulation, (hr- 
ft?-deg F)/Btu 

R, = equivalent thermal resistance for radiation energy trans- 
fer (hr-ft?-deg F)/Btu, across ventilating passage 

R,, = thermal resistance of primary-wall insulation, (hr-ft?- 
deg F)/Btu 


T. = temperature of outer surface of ventilated annulus, deg F 
T, = temperature of ventilating air, deg F 
T,, = temperature of hot surface being insulated, deg F 
T, = temperature of outside surface of insulation, deg F 
T,, = temperature of hot surface of ventilated space, deg F 
T.. = temperature of machinery space, deg F 
AT, = T,, = Ue 
AT, — T; nih es 
z = thickness of insulating material 
6 = annulus width 


1 Professor of Mechanical Engineering, Stanford University. 
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INTRODUCTION 


The orthodox design of thermal insulation for power-plant 
service is based primarily upon the objective of conserving the 
energy of the thermodynamic working substance. However, 
additional functions must be satisfied for many specialized in- 
stallations. If a high-temperature plant must be installed in a 
limited space where operating personnel are in continuous at- 
tendance, as in a marine installation, a most important function 
is to reduce the heat leak to the machinery space. Where highly 
stressed components—structural support members, or pressure- 
vessel walls—come adjacent to high-temperature elements, an 
important function is to keep the stressed components in a re- 
gion of low temperature, whereby less expensive alloys or smaller- 
size sections may be used. 

In conventional insulation structures the heat leak from the 
working substance is of the same magnitude as the heat leak to the 
machinery space. Consequently, minimizing one will minimize 
the other, and twoof the specified functions tend to lose their iden- 
tities. In some of the high-temperature plants for merchant- 
marine or naval use it is essential, however, to maintain a dis- 
tinction between these objectives. This will be demonstrated 
by the specific consideration of a high-efficiency marine gas-tur- 
bine plant relative to the conventional marine steam plant. 

The conventional gas-turbine plant requires a rather elaborate 
cycle if it is to have a specific fuel consumption and flat economy 
characteristic comparable to the steam power plant. For in- 
stance, the plant described in a paper by C. R. Soderberg,’ in- 
cludes two stages of compression with intercooling, a high- 
effectiveness regenerator, and two turbines with reheat. This 
type of plant has a specific flow rate relative to that of a steam 
plant of 5:1. In the hot-duct portions of the cycle, the com- 
parable working-substance density ratio, gas-turbine plant to 
steam plant, is about 1:6. In addition, because of the amplified 
cost of flow friction in gas-turbine plants, the allowable flow ve- 
locities are somewhat lower. For these three reasons hot-duct 
flow areas tend to be 40 to 50 times greater in the gas-turbine 
plant. The result is that hot-duct surface areas requiring in- 
sulation are on the order of 7 times greater for a given length of 
duct. Further, the temperature difference to be insulated against 
is perhaps 2 or 3 times that for a comparable steam plant. 

It is evident, then, that the application of a conventional-type 
insulation to a gas-turbine plant, of a thickness suitable for a 
steam plant, will result in a machinery-space heat leak of 10 to 
20 times that of the steam plant. Even with a greatly increased 
machinery-space ventilation, a suitable thickness of a conven- 
tional insulation structure will be on the order of 15 to 25 in. 
It is believed that the bulk and weight of insulation of this thick- 
ness will be a severe handicap in the adoption of a gas turbine 
as a marine prime mover. 

Inasmuch as the gas turbine must have large flow passage 
areas to handle the volume flow rates, the use of conventional 
pressure vessels and ducting with externally applied insulation 
requires heavy sections of high-alloy material. The alternative 


3A Marine Gas Turbine Plant,’’ by C. Richard Soderberg, 
Ronald B. Smith, and A. T. Scott, Trans. The Society of Naval 
Architects and Marine Engineers, vol. 53, 1945, pp. 249-289. 
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of placing the pressure-retaining walls behind the protection of a 
layer of thermal insulation in a region of lower temperature may 
make low-grade alloys and reduced weight possible, even though 
the total volume maintained under pressure is increased. 

As an answer to this problem, it is the purpose of this paper to 
describe and predict performance for a ventilated type of thermal- 
insulation structure, which allows independent control over the 
three insulation functions; control of heat leak from the working 
substance, heat leak to the machinery space, and the tempera- 
ture of stressed container walls. Such a structure, with an over- 
all thickness of 4 to 5 in., for a hot-wall temperature of 1500 F, 
will reduce the heat leak to the machinery space to substantially 
less than that of the conventional insulation on a steam plant. 
Temperatures at any point through the insulation may be readily 
predicted for the purpose of securing safe conditions for 
stressed members which may be located there. The ventilation 
requirement with respect to blower and duct size and power re- 
quirements are shown not to be excessive, and the heat leak from 
the thermodynamic working substance is also shown to be of a 
tolerable magnitude. Some preliminary test results of such an 
insulation structure are presented to demonstrate the validity 
of the analysis. 


DESCRIPTION OF SYSTEM 


For brevity, only one form of ventilated thermal-insulation 
structure will be considered specifically. Many other variations 
are possible and may possess advantages. 

The specific system to be considered in this paper is shown 
schematically in Fig. 1. It consists of a layer of primary insula- 
tion several inches in thickness adjacent to the hot surface. 
This layer controls the magnitude of the heat leak from the work- 
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ing substance, g, Next to this layer is a ventilated annulu) 
Outside of the ventilated annulus is a layer of blanket insulatiog 
1/, to 1/2 in. thick, which with the coolant flow serves to minimiag 
the heat leak to the machinery space, go = g, — %, to the dey 
sired magnitude. This insures a colder outer surface which r¢ 
duces direct radiation from the structure to operating persom™ 
nel, a factor of considerable importance from the point of view q 
comfort. | 
Also shown in Fig. 1, for steady-state conditions, is a descriig) 
tion of the temperature distribution, and a ‘“‘thermal-circuit”’ dis 
gram exhibiting the relation of the component thermal resis: 
ances and thermal potentials (temperatures). In this circu 
all the temperature potentials are referred to the “ground te a 
perature” or ambient temperature, 7'o, as a datum. Thus, i | 
instance, AJ’, = T;, — To is the temperature of the hot surfacq 
referred to the ambient temperature as the datum; R,, denote 
the thermal resistance of the primary insulation layer; Ry: anji, 
Ry denote the thermal resistances for convection heat transtaf 
| 


from the inner wall of the ventilated annulus to the coolang 
and from the coolant to the outer wall, respectively; , denotes th H 
effective resistance for radiant heat transfer from the hotter ti 
colder walls of the ventilated annulus; Ro denotes the series 
parallel combination resistance of the secondary-insulation layer} 
and the combined radiation and convection from the outer suy 
face to the machinery space. 

The coolant temperature, T; or AT;, is increasing continualli® 
along the flow path as a result of absorption of the q, energyj 
This factor determines the desirable coolant flow length and th| 
frequency of the ventilation ducts in a given installation. 

As can be seen from the foregoing description, the structur}] 
considered is the same in principle as the air-wall construction 
modern naval boilers or the tail-pipe insulation of aircraft turbo 
jet units. 


ANALYSIS 


The thermal circuit shown in Fig. 1 suggests the methos i 
of analysis. Three Kirchoff-law-type equations may be writtew)| 


AT;, and the component resistances. Then from energy-balanc#} 
consideration for steady-state conditions 


qv = In — To 


Before proceeding with this analysis, a simplification will be act 
complished by specifying that the convection resistances Ry: and} 
Ry: are sensibly the same; thus | 


Rn —— Ryo — Ry 


This is permissible in that, aside from the small differences it 
film viscosity, the flow conditions on the two walls of the venti i 
lated space are closely alike. | 

The three circuit equations (rate equations for heat transfer}]} 
are 


AT, — Rua. = (ys = Re (11) 
AT, — (qo — q,) Ry — Ro Gaya 0 eee [23 
Rae +46. 90) > @ — aoe = Oe [31] 


From Equations [1], [2], and [3], respectively 


qh ae R, =F R. £ R, (fe ee & $ [la 
_ _AT, Ry 
Jo R, +R, T 1h -p in OF eg [2a 
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eS R, zfs QR (doo + Qn) shatlelayve cue menex wart [3a] 
Substitution of Equations [1a] and [2a] into [3a] yields 
a ea = AT, , _ At, 
Ry ae R, R; a 186 
(% 2B; | OR; R, 
= R, Pr RPT ET)? Pe [4] 


This result introduced into Equations [1a] and [2a] provide the 
desired relations 


iq ee = ( 1 ) 
Rudi. Ry Po Ry 


Mi, +E) ATR, — R,) 


Me 4\ (Re 
(ez, + *)\z, +1) & + 2) — B+ RB) — B+ Ry) 


4g AT; 4 1 Same terms as used in 
m—\R, + R, R, + R,/|_ brackets, Equation [5] ~~ [6] 

As indicated previously, after evaluation of q, and qa, the ven- 
tilating-air energy transfer may be determined readily as 


Inspection of the thermal circuit, Fig. 1, demonstrates that the 
hot-surface temperature of the ventilated space may be evaluated 
from 


Similarly 
Ii ceo d Mery sl Gray En satiate espa oar hed [9] 


The outside-surface temperature likewise may be determined 
from a breakdown of the resistance Ff, into its components of 
secondary-insulation layer resistance, and the combined radia- 
tion-convection resistance for the transfer to the machinery 
space from the outer surface. 

Equations [5] to [9] lend themselves to ready tabular form cal- 
culations for any specified combination of AT,,, AT;, Ry, Ry, Ro, 
R,. As an illustration of the results of this type of calculation, 
Figs. 2 to 6 are presented. 

_ The values of variables used for these calculations are as fol- 


lows: 


Hot-surface temperature, 7, = 1200 F 
' Machinery-space temperature, 7» = 90 F (Hence AT), = 1110 F) 
Outside resistance Rs = 0.45 + 0.55 = 1.00 (hr-deg F-ft? of hot 
wall) /Btu (The first term is for the secondary insulation layer 
and the other for the convection-radiation resistance from the 
outer surface to the machinery space, based upon data given 
by McAdams.) 
Ventilation-space radiation resistance 
 R, = 0.56 (hr-deg F-ft? of hot wall) /Btu 
' (Based upon radiation between parallel planes and a surface 
emissivity of 0.9) 
_ Ventilation-space convection resistance Ry, as a function of mass 
velocity G, calculated from 
hy = aes = 4,0 G-8 (McAdams?) 
Ry 
(Note that the flow Reynolds number for G = 0.5 lb/ (sec-ft?) is 
about 3000; thus the foregoing turbulent-flow equation should 
be applicable for G > 0.5 lb/ [sec-ft?].) 


4“Feat Transmission,” by W. H. McAdams, McGraw-Hill Book 
Jompany, Inc., New York, N. Y., 1942. 
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It is assumed that this insulation is applied either to a flat surface 
or a relatively large cylindrical surface so that the heat-transfer 
area remains sensibly invariant with radial-flow position. Insula- 
tion thicknesses for cylindrical surfaces are necessarily greater 
than for plane surfaces. 

The results presented in Figs. 2 to 6, will now be discussed. 
Fig. 2 presents the heat leak from the working substance q,, 
as a function of coolant mass velocity G, the primary insulation 
R,,, and the coolant temperatures 7. It is evident that G has 
but a secondary influence on q;, especially for R,, > 2 (hr-deg F- 
ft? of hot wall) /Btu, and G > 1.5 Ib/(sec-ft?). It is also evident 
that the magnitude of R,, largely controls q,. 

The energy transfer to the coolant air q,, as given in Fig. 3) 
is controlled primarily by the magnitude of F,, but here the 
coolant temperature 7’;, has a significant influence. 

The heat leak to the machinery space qo, as shown in Fig. 4, 
is greatly reduced from the g, magnitude by the amount of energy 
transfer to the coolant q,. The coolant temperature T, has 
controlling influence on gw, and as before, for R,, > 2, and air 
flow G > 1.5 lb/(sec-ft?), the influence of G is small. 

Fig. 5 presents the temperature of the outer surface 7, as a 
function of R,, T;, and G. This temperature is controlled pri- 
marily by the coolant temperature, and (for G > 1.5 lb/(sec-ft?), 
R,, > 2) is approximately half way between the coolant tempera- 
ture 7',, and the machinery-space temperature T’o, with the outer 
blanket used. 
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Fig. 6 was prepared for a coolant flow G = 2 lb/ (sec-ft?), which 
Ss considered as a typical magnitude (velocity = 30 fps for T, = 
180 F). As 7’, increases approximately linearly with flow length, 
this graph exhibits the expected variation of 7’, and qo from the 
ventilation-air inlet to the outlet section. For instance, if the 
coolant flow is induced from the machinery space at 90 F and is 
discharged at 150 F, for R,, = 3, T, varies linearly from 94 F to 
124 F, and q. also varies linearly from about 8 to 60 Btu/(hr- 
t?). Reference to Fig. 3 will show that, for these conditions 
the ventilating-air energy gain is about q, = 310 Btu/(hr-ft?). 
[f the ventilated-space dimension 4, is specified, the foregoing data 
can be used to determine the flow length, J. From energy- 
balance considerations 


6 
G X 3600 X 7 X 1X C, (Trout — Trin) = 1X 1 X dy 


Thus / = 15 ft for a ventilation space dimension 6 = !/. in. 
_ To illustrate the type of design information which can be ex- 
tracted from ‘Figs. 2 and 6, suppose it is desired to predict the 
performance of a ventilated thermal insulation consisting of the 
following: 
Primary-insulation layer, with k = 0.667 Btu/(hr-ft?-deg F/in.) 
«op SAA brid ap Steg eh RAS Sa 2 in. thick (flat wall) 
BEBTMALER |, SUACE WE aaacseh, ond kee as & = 0:50 in. 


Secondary-insulation blanket, with k = 0.55 Btu/(hr-ft?-deg F/in.) 
ie RE ELIA A 1 SS Otro RTE iS: eR 0.25 in. thick 


Over-all insulation structure thickness = 2.75 in. 

aant-wall tempersbure st o..sche cask sks. ctw aes Tr = 1200 EF 
SeOOUD LeIMpCratirean.. 277 aoe. 2 ceils. bce wd To= 90F 
womant- temperature ssccice ap stores eek 2 Os, oe pe = 90F 


Trot = 150F 
Coolant mass velocity Ga= 2 ‘b/ (sec-ft?) 
From the foregoing information R, = 3 (hr-ft?-deg F)/Btu, Tyaveg= 
120F 


Then from the curves: 


Heat leak from working substance. .q, = 345 Btu/(hr-ft?), (Fig. 2) 

Heat transfer to cooling air, average.............000c cece ee eeeee 
Ns AN ES aco: ch ot nna « q@ = 310 Btu/(hr-ft?), (Fig. 3) 

Heat leak to machinery space, (Fig. 6): 
PRAIA ATCT BECTON 5:0 vcs oe keene 
ad ate-OM blet SECHION, 2,5 .:2-2r se jeg eres > #0) 
TPG ee SS Ss Pe ee eer 


qo = 8 Btu/(hr-ft?) 
qo = 60 Btu/(hr-ft?) 
qo = 35 Btu/(hr-ft?) 
15 ft 


_ This last result indicates a coolant-flow requirement of 5.56 lb/ 
‘sec-1000 ft? of hot-surface area) or 4500 cfm/1000 ft? of 90 F inlet 
sir at atmospheric pressure. It is estimated roughly that the 
10t surface to be insulated in a high-efficiency gas-turbine plant 
should not exceed 300 sq ft per 1000-shp rating. Consequently, 
he coolant-flow requirement is seen to be only about 1300-1400 
#m per 1000 shp. Elementary calculations indicate that the 
sressure-drop will be on the order of 2 in. of water for the 15-ft 
low length. The resultant blower-power requirement then 
mounts to less than 1 hp per 1000-shp rating of the gas-turbine 
ant. It is believed that these ventilating-air requirements are 
lot excessive. 

A conventional insulation structure may be designed for a heat 
eak from the working substance of the order of 150-200 Btu/ 
hr-ft?). Consequently, in comparison, the ventilated structure 
nay be charged with an extra heat loss of about 200 Btu/(hr- 
(2). With this information, and taking the previously used 
00 sq ft of hot-wall area per 1000 shp, together with a plant ther- 
nal efficiency of 25 per cent, the cost in plant specific fuel con- 
umption may be estimated as 0.6 per cent. 

‘It should be observed that a stressed pressure-vessel wall can 
e located within the insulation structure to control its tem- 
erature. Since the thermal resistance of the metal wall is small, 
he effect on the performance of the insulation structure is neg- 
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ligible. Many possible variations of wall location can be visual- 
ized for specific applications, such as combustion-chamber walls, 
ducting, and heat-exchanger shells. Such designs may prove 
useful in minimizing thermal-expansion problems. 

As mentioned previously, insulation thickness on cylindrical 
surfaces must be greater than on plane surfaces, for the same ther- 
mal resistance expressed (hr-deg F-ft? of hot wall)/Btu. An 
elementary analysis demonstrates that 


Zeyl D,/D; on 1 Zeyl 
loge D,/D;  D; D; 
g 


Zslab 


Fig. 7 is a plot of this relation in the form of Zsla» versus Zcy1 for 
various nominal pipe sizes from 6 to 30 in. To illustrate the 
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significance of this effect on the dimensions of the insulation struc- 
ture for a given performance, consider that a 6-in. pipe is to be 
insulated to give the same performance with respect to q;, qr, Yo, 
and air-coolant temperature change (7jn — Tyout) as the pre- 
viously considered flat-wall system. From Fig. 7 the thickness 
of the primary-insulation layer must be increased from 2 in. to 
3 in. The secondary-insulation layer must be increased from 
0.25 in. to about 0.35 in. to give the same R, (hr-deg F-ft? of hot 
wall)/Btu. The air-flow length /, however, will remain about the 
same, as G may be reduced to maintain the same coolant flow per 
unit hot-wall area. The net result is that the 6-in. pipe requires a 
structure of 3.6 in. in thickness as compared to 2.75 in. for the 
plane surface. 
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Fig. 8 Txst Setup ror DeTERMINATION OF PERFORMANCE OF VENTILATED INSULATION STRUCTURES 


EXPERIMENTAL RESULTS 


The experimental results presented here are the first of tests 
currently in progress using the apparatus shown in Fig. 8. This 
equipment consists of an 11-ft 6-in. length of nominal 6-in-diam 
pipe, insulated as illustrated in Fig. 9. Note that the 1/2 in. of 
asbestos secondary insulation has been removed from the system, 
as shown in Fig. 8, in order to show the heat meters used on the 
aluminum shell of the ventilated annulus. An electrical heating 
element located within the pipe provides the thermal current, q;. 
The cooling-air flow is induced through an orifice meter and 
thence through the insulation by a small blower. The ventilat- 
ing-air heat gain g,, was established from measurements of air- 
flow rate, inlet-air temperature, and exit-air temperature. The 
three heat meters,® located at the mid-position of the test-section 
length on the outer shell of the ventilated annulus, as shown in 
Fig. 8, were used to measure an average qo for the test section. 

Compensating heaters were used to establish zero tempera- 
ture gradient along the pipe at the end sections. Thermocouples 
located ‘on the pipe and at the various layers of the structure 
provide a complete picture of temperature conditions. 

Comparison of the sum q, + qe with electrically measured 
qg, revealed energy-balance discrepancies of the order of 1 per cent 
for steady-state conditions, giving confidence in the accuracy of 
the measured test performance. 

Fig. 9 shows the predicted magnitudes of the component re- 
sistances. Employing this information, performance was pre- 
dicted as shown in Table 1. Test results obtained with 


5 “An Investigation of Aircraft Heaters V—Theory and Use of 
Heat Meters for the Measurement of Rates of Heat Transfer Which 
Are Independent of Time,’’ by R. C. Martinelli, E. H. Morrin, and 
L. M. K. Boelter, NACA Wartime Report ARR December, 1942 (see 
also ARR 4H09 and ARR 4107, issued as Wartime Reports). 
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°F/BTU 


Fic. 9 VENTILATED THERMAL-INSULA- 
TION STRUCTURE TESTED 


(Note Rr is based upon assumed surface emis- 
sivities of 0.9; Reis based upon h = 4.4 G28; 
Ro is based upon manufacturer’s data giving a 
loss of 62 Btu/(hr-ft? 100 deg F diff]. Ac- 
tual outside diameter of structure tested was 
161/s in. due to malfitting and lack of concen- 

tricity.) 


=3,3I7 HRFT2°F/BTU 
=108 HRFT2°F/BTU 


(CORRES. G= 2) 


Rp=0.061 HRT? °F/BTU 
=0.68 


6$' OD SS PIPE 


2" SUPEREX 
(k=0.068 BTU/HR FT2°F/F2) 


1$" ASBESTO-SPONGE FELTED. 
(k= 0.049 BTU/HR FT2 °F/FT) 


35"ALUMINUM SHELL 


"AIR SPACE 
4"ASBESTOCEL 


T, — To = 1250 F, and extrapolated to 7, — Ta = 1300 

are also shown for comparison. : 
The excellent: agreement is evident, with the exception of thi 

deo comparison. Here, however, it is believed that the predict 


LONDON, GARBETT—THERMAL-INSULATION STRUCTURE FOR MARINE POWER PLANTS 


ABLE 1 PREDICTED AND EO MANCE FOR INSULA- 


Predicted Test 
[eat leak from hot wall (average over test section) 
Qn Btu/(hr-ft2 Oemipecwall) im et arpmivrcaoeee nen 382 383 
leat leak to ventilating air (average over test section) 
ge Btu /(hy-ft? of pipe wall)...........0.002--5-004., 362 376 
leat leak to machinery space (average over test sec- 
tion) ¢~ Btu/(hr-ft? of pipe wall).................. 20 11.3 
jutside-surface temperature, above room temperature ‘ 
(average over test section) To — To, deg F...... 4.5 3.0 
ooling-air temperature rise (10.5-ft test section flow : 
Benth) Trout — Tyin, deg F...c..c.cse sess cece lee 25 PHS 383 


jagnitude is in error for the main reason that the magnitude 
f R, was based upon the manufacturer’s figure of a heat loss for 
he asbestocel of 62 Btu/(hr-ft?-100 deg F temperature difference) 
here the temperature difference is measured from the surface 
eing insulated to the room condition. Undoubtedly, this figure 
3 based on a temperature difference on the order of 100 to 200 F. 
n the tests, however, the corresponding temperature difference 
mounted to only 13 deg F (avg). As a consequence, radiation 
nd convection transfer coefficients within the cells of the mate- 
ial and from the outside surface were probably lower, and the 
ffective resistance R, greater than used in the prediction. An- 
ther factor contributing in minor degree to the difference between 
redicted and actual go is that the predicted value of R, was 
ased upon a wall emissivity of 0.9. With the aluminum surfaces 
ctually used, a much lower emissivity and higher R, existed. 
lowever, since R; << R, for the system and mass velocity 
ested, the influence of R, was minor. 

This structure has an over-all thickness of 43/, in. However, 
yy using a primary-insulation-layer material with k = 0.0467 
stu /(hr-ft?-deg F/ft), an amosite asbestos felt of approximately 
0 lb per cu ft density, the thickness of the structure can be re- 
luced to 3°/s in., a saving of 21/, in. on the diameter, for the same 
erformance. - 


SUMMARY AND CONCLUSIONS 


1 A ventilated thermal-insulation structure can be made for 
asulation of high-temperature surfaces which will have the char- 
cteristics of small over-all thickness, low heat leak to the ma- 
hinery space, and high heat leak from the working substance, 
yhen compared with the conventional types of insulation. 

2 For a gas-turbine plant, the high heat leak from the work- 
ag substance may not be excessive. The blower-power require- 
aent and size are small. The number and size of air ducts are 
ot excessive. 

3 A method for predicting the performance of the ventilated 
tructure has been presented, and the predictions have been 
onfirmed by the limited experimental data so far obtained. 
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Discussion 


E. A. Ricuarpson® AND G. A. Ricnarpson.? The theoretical 
nd experimental investigation of the ventilated form of insulated 
aclosure deals with one possible form of control of heat loss from 
ne working substance, heat limitation to the outside of the en- 
losure, and protection of structural members. In the proposal, 
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a pipe carrying gas at 1300 F is insulated on the outside by pri- 
mary insulation, while cooling gas is circulated in the passage 
formed between the primary, and the secondary insulation. It 
is noted that the rise in cooling-fluid temperature is about 60 deg 
F in the example given and that the heat so picked up is wasted. 

The concept of effective thermal isolation is not new, in fact 
the partners investigated means for securing equivalent results 
nearly 15 years ago. The insulation of boilers in steamer holds 
to prevent excessive heat leakage and cooling requirements was 
recognized as desirable. It was seen that progress of all high-tem- 
perature high-pressure processes would depend upon thermal iso- 
lation combined with recovery of heat lost from the working fluid. 

One example of such an investigation was the insulation of the 
walls of a petroleum cracking chamber operating at 850 F and 
under 750 psi pressure. A slightly permeable brickwork was 
conceived placed inside of, and slightly spaced from the shell, 
while fluid was pumped into this space at such rate as to secure 
substantially atmospheric temperature in the shell. Using oil to 
be cracked, it was possible to pump 1 or 2 per cent of the process 
oil through the permeable layer, whereupon the “‘cooling”’ fluid 
would be heated to process temperature, recovering virtually all 
of the heat normally lost. As the steel wall no longer involved 
creep behavior and no longer had a temperature gradient, it be- 
came possible to use about one-half as much flanging-grade steel 
in the shell as of the somewhat alloyed and stainless-clad steel 
actually used, while securing a much safer design. 

It becomes of interest to see how the partners might propose 
to handle the case discussed by the authors of this paper. But 
first, it must be realized that the partners had removed the tem- 
perature limit to cracking processes in so far as structural mate- 
rials might be concerned and imposed temperature limits, if any, 
on the basis of refractory behavior. 

Retaining the “Superex” and asbestos-sponge felt shown in 
Fig. 9 of the paper, the partners might substitute 1/2 in. of glass 
wool for the asbestocel layer and remove the aluminum shell 
immediately within this layer. They would then cause air to be 
passed radially inward through the glass-wool layer into the 
ventilating space, the air to be exhausted therefrom as at pres- 
ent. Suppose the entering-air temperature is 80 F while the 
outer surface of the glass wool is at 90 F. The heat loss from 
the outer surface cannot exceed 5 Btu per sq ft per hr for this 
10 deg F drop, for, obviously, convection cannot occur. 

Having set the outer-surface temperature 10 deg F above the 
entering-air temperature, we can assume a set of values of hot- 
surface temperature of glass wool, and determine therefrom the 
value of nC,L/k,, where n is the rate of fluid permeation in pound- 
mols per square foot per hour, C’, is the molal specific heat in Btu 
per 1 deg F per lb-mol, Z is the insulation thickness (normally in 
feet, but for this case in inches), and k, is the effective conductiv- 
ity of the glass-wool and air combination. It is then possible to 
tabulate the value of hot-surface temperature as T',, the other 
quantities given, and add data on the heat to the air and the re- 
quired temperature of the outer surface of the primary insulation 
to supply this heat by radiation to the glass wool, convection 
being neglected. 


TABULATION FOR FIRST SUBSTITUTION 


Th nCpL/ks Cp ks n q T pi 
500 3.16 6.91 0.480 0.523 1528 738 
400 3.47 6.88 0.444 0.447 985 614 
300 3.10 6.85 0.413 0.373 563 479 
200 2.49 6.83 0.386 0.281 230 320 


Norte: Term ks is in Btu per hr per 1 deg F perin.; ¢ is in Btu per sq ft 
per hr; 7'pi is temperature, deg F, outer surface of primary insulation. 


If the heat leak from the hot wall is of the order of 382 = q,, 


‘then 7’, might be 245 F by interpolation, 7; = 390 F, and 0.32 
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Ib-mol of air per sq ft per hr are required. This is 9.25 Ib per 
For the 15-ft length of pipe, and the annular space 
as given, this corresponds to G = 1.08 lb per sq ft per sec, or 
about one half of that required by the authors. However, the 
air is now heated from 80, to 245 F, or 165 F, a value much larger 
than the 60 F in one example, or the 25 F in the test case. A de- 
cided reduction in cooling air has occurred. Furthermore, the 
heat loss from the outer surface is approximately constant and 
negligible, and not rather widely varying lengthwise as in the 
authors’ case. Our method does not permit convection from 
the outer surface. 

Actually, we should feel that such a method of treatment is 
makeshift in character. We should prefer to place a primary 
layer of permeable insulation inside of the pipe, as well as the 
annular space and the secondary insulation. In such case, the 
cooling air would be bled from the compressor, dividing it into 
two parts. One part would be caused to enter the annular pass- 
age, after a slight pressure boost, at a temperature of the order of 
400 F, while another part would be cooled to room temperature 
for passage through the secondary insulation. A slight pressure 
boost of the bled air is required to insure flow at a proper rate 
through the permeable layers. The whole of the bled air, after 
it has served its purpose as a coolant, mixes with the hot gases 
passing to the turbines. The effect is that radiation has been 
almost entirely eliminated at the cost of a slight boost in pressure 
of the bled air, while the temperature limit of the cycle, in so 
far as piping is concerned, has been eliminated. It would be just 
as practicable to use gases at 3000 F as at 1300 F. The gases 
not bled are at a slightly higher temperature, leaving the com- 
bustor, than would be normal. The pipe is at atmospheric tem- 
perature, Although larger in diameter, it can be lighter in weight 
and safer than the stainless-steel piping shown by the authors, as 
well as much less costly. 

Assume the value of k, (per ft, not per in.) as 1.0, the mean spe- 
cific heat of air between 425 and 1300 as 6.70, and an outer tem- 
perature of primary layer 3 per cent of the difference of 875 
F (26 F) above the entering air temperature, the value of nC,,L/k, 
becomes 3.50, so nL = 0.52 (LZ now in ft). Using L = 0.25 (3 
in.), then n = 2.08 Jb-mol per hr per sq ft of 400 F bled air. 
Since the 1/2-in. glass-wool layer requires (see table in foregoing 
discussion) about n = 0.45 lb-mol per hr per sq ft, this is the 
amount of bled air which must be cooled from 400, to 80 F. Thus 
0.45 mol cool air, 1.63 mol hot air are bled per hr per sq ft. The 
heat removed from the bled air (0.45 mol) is 1100 Btu per hr per 
sq ft. The total heat removed from the hot gases is 18,300 Btu 
per hr per sq ft, fully returned in the “cooling” air. However, 
these results are excessive, in that it is assumed the hot gases can 
deliver 18,300 Btu per hr per sq ft. Actually, the inside of the 
primary insulation will be cooler, hence correspondingly less air 
will be required. 

Figures used herein were derived by the partners, partly theo- 
retically, partly by test. The rapid variation of k, for glass wool 
tends to confirm the difference in heat leak to the machinery space 
(20 predicted, 11.3 on test) found by the authors. However, 
knowing the rapidity with which radiation effects increase with 
temperature for wool and felted insulations, we would question 
the statement regarding the saving in primary-insulation thick- 
ness through the use of amosite asbestos felt of 10 Ib per cu ft 
density. Actual measurements of conductivity are required in 
the region above 1000 F, since extrapolation can be hazardous. 

We think that it will be obvious that more promising methods 
of thermal isolation are available than the ventilated type of in- 
sulation investigated by the authors. The partners have done 
much work investigating the use of “permeable plates with fluid 
permeation between faces’ for insulation, cooling, heat transfer, 
and the like, for a wide range of applications. 


sq ft per hr. 
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AurHors’ CLOSURE 

In considering means of controlling the heat loss from high 
temperature surfaces the possibilities of using the thermal 
energy storage capacity associated with a mass transfer through ui | 

porous material, as proposed by the discussers, should certainlyj 
be studied. The idea has been proved in many practical in 
stances. 

seep through the porous surface to the outside, where the evapora 
tion provides a substantial cooling in dry climates. The com+j 

bustion-chamber liner of the aircraft turbojet engine, such ag 
the German Jumo 003, is provided with a large number of smal 
vents through which cooling air is introduced, sweeping thé 
inside of the liner with a blanket of cool air, and effectively iso7} 
lating the low-carbon-steel outer casing (of sheet metal) fromm 
the high-temperature zone. It has been demonstrated thatl] 
cooling of a rocket nozzle by the passage of a gas or a liquidy 
through a porous material into the nozzle stream has attractive 
possiblities for maintaining safe temperatures in the nozzle wall. | 
| 
4 


The possibility of placing stressed parts of the machinery, such 
as the hot gas-duct wall, on the cold side of the insulating materia: 
is recommended by Messrs. Richardson. The possibility of doing 
this was mentioned in the paper, and should certainly be studiedt 
for any specific insulation application. 

Certain practical difficulties are apparent in attempting toy 
apply the specific recommendations of the discussers. | 


In placings} 
the primary insulation layer on the hot side of the duct wall, if 
still will be necessary to use a stainless liner material to hold 
the insulation material, which is usually of very fragile material, 
in position; otherwise damage might occur to any turbine! 
machinery which might follow (especially if a ceramic material} 
were used for the insulation). Also, mechanical protection of the 
cold side of the insulation, adjacent to the cooling-air annulus, 
would be necessary. The mechanical structure would becom 
somewhat complicated. 1 
It is to be noted that the stainless-steel pipe shown in Fig. | g i) 
| 


of the paper was not intended to represent a hot gas duct; 
represented, rather, a means of securing a hot surface for the test 
setup which would maintain its shape and not scale excessively; 
at the high temperatures tested. 

The suggestion for using a !/2-in. layer of glass wool for the} 
outside insulation blanket (in the machinery space) also meets} | 
with the objection of mechanical vulnerability. It would have 
to be supported with perforated metal both inside and outside.}| 


A dirty atmosphere also might seriously impair the oorositt lh . 


this may be a valid objection on shipboard, even though they! 
atmosphere is relatively quite clean. The thermal isolatio | 
possible with the discussers’ proposal is obviously greater than i 
that possible with the ventilated arrangement discussed in they | 
paper. 
It is not clear from the discussers’ comments what the signifill 


i 


cance of the term nC,L/k may be, nor how it is to be determinedil), 


The ordinary kitchen watercooler jug allows water tc | 


i 
} 
Ul 


or utilized. By considering an energy balance at a point on the tl 


duct surface at thermal equilibrium 
nC, At-oA = 
associated with 
cooling air mass 
transfer 


U-s5A-At 
associated with 
conduction through 
insulation material 


If the convection resistances at the two surfaces of the insulatio | 


are neglected, this expression reduces to 


and it would appear that the value of nC pl/k should be about . 


1.0, rather than the value of 3.50 given. Of course much de 


neues upon the significance of k when there is a flow of ain) 


through the insulating material. 


= ee 


The Mechanical Cleaning of Fouled 
Heat-Exchanger Tubes 


By A. JOHN,! LONG ISLAND CITY, N. Y. 


For many years in the past, mechanical cleaning of 
badly fouled heat-exchanger tubes was more or less done 
on an improvised basis. As heat exchangers began to be 
extensively used, fouling became a problem of major and 
varied proportions. This created an impetus for the tube- 
cleaning industry to concentrate on the development of a 
‘special tool for this purpose. Today, there is available to 
the trade a single-purpose mechanical cleaner suitable 

for almost every possible tube-cleaning requirement, as 
the author explains in this paper. 


fouled heat-exchanger tubes was done on an improvised 

basis. The methods were limited to the handiest tools 
readily available which usually consisted of drills of various 
sorts or standard boiler-tube cleaning equipment. The drills ap- 
proached the power problem from an external application while 
the boiler-tube cleaners approached the power problem inter- 
nally. Boiler-tube cleaners, the motors of which enter the tube, 
were found rather lacking in power when heavy deposits and 
plugged conditions prevailed. The improvised drills, while do- 
ing a job more rapidly, generally produced mediocre results, al- 
though some methods do deserve honorable mention. In spite 
of the various methods and the results, information was not 
generally made available to others with similar problems. 
Whenever a problem existed and was more or less solved, it 
was generally confined within the plant or at best, the informa- 
tion was passed along on a word-of-mouth basis. Undoubtedly, 
Many maintenance men used similar methods but unknown to 
each other, the knowledge of which if pooled together would have 
been of inestimable value. 

When tubes are not badly fouled or not plugged other methods 
than strictly mechanical ones have been used. Although those 
in the trade do not necessarily agree that sandblasting, shooting 
of rubber plugs, pickling and steam, hydraulic or air lancing 
comes within the scope of mechanical cleaning, a word in this re- 
spect will, nevertheless, be of general interest. These methods 
have been tried at various times and in many cases are superior 
to mechanical methods. For instance, in a bank of condenser 
tubes, where deposits are negligible or of the muddy or river- 
growth type, the practice of shooting rubber plugs is superior both 
in speed and performance. This method is only for the removal 
of soft deposits and obviously will not remove hard scale. The 
other methods mentioned have been used successfully at various 
times, and some of them are the only ones available for the clean- 
ing of the shell side of heat exchangers. 

Obviously, prior to the consideration of any mechanical clean- 
ing method, hand methods with brushes and scrapers were also 
involved. The hand method may still have its occasional place 
but it can be considered as outmoded in heavy industry. 

During the past 10 years, many additional plant processes have 


I NOR many years in the past, mechanical cleaning of badly 
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been developed utilizing heat exchangers more and more exten- 
sively. Thus the incidence of fouling troubles greatly increased 
and, since production was a byword, its incentive applied to 
tube cleaning as well. This created the impetus to concentrate 
on the development of a ‘special mechanical tube cleaner, par- 
ticularly one to remove very heavy scale deposits and also to 
open up plugged tubes. Many improvements of mechanical 
cleaning methods manifested themselves during this period and, 
ultimately, a high-speed direct-drive scavenging drill-type cleaner 
was successfully developed and marketed. 


FOULING AND CHARACTERISTICS OF SCALE 


The heat exchangers to be cleaned are generally located in 
process industries such as oil refineries, fruit and vegetable juice, 
synthetic rubber, plastic stock, paper pulp, dairy, and miscellane- 
ous chemical plants. The tubes of these heat exchangers are 
predominantly straight and without return bends, although some 
tubular-return types exist. The majority are mounted in a hori- 
zontal manner providing a convenient approach from the cleaning 
viewpoint. Commercial tube sizes range from 1/2 in. OD to 2 
in. OD with the 5/s to 1-in-OD range predominating. Lengths 
vary from 18 in. up to 30 ft and occasionally longer. 

Vertical installations also exist such as the open-head shell-and- 
tube condensers found in refrigeration plants and sulphite evapo- 
rators in pulpmills. Although not heat exchangers of the 
liquid type, air preheaters, as installed in boilers, can be con- 
sidered as coming within the scope of this paper. The tube lengths 
of vertical installations generally run up to approximately 50 ft. 
Where such air heaters are installed horizontally, the tube 
lengths average approximately 8 ft. 

The fouling of heat-exchanger tubes is generally caused by 
localized high temperatures, precipitation of solids at high or low 
temperatures, low velocity of flow through tubes, cutting units 
off stream with the normal settlement of solids, and the congealing 
reaction of certain liquids. In respect to boiler air preheaters, the 
most common cause of serious fouling is a change of fuel firing, 
such as from coal to oil or vice versa without time taken out for 
cleaning. The small amount of gummy residue, deposited when 
burning oil, combining with fly ash ultimately tends to form into 
a solid mass. However, it is believed that the lack of periodic 
preventive maintenance can be considered as the greatest cause 
of the complete fouling of the majority of heat exchangers. 

The type of scale deposited covers a wide range from flint hard- 
ness to soft and gummy. Interspersed are conditions such as 
(in all ranges of hardness), porous or cellular, compacted but elas- 
tic, adhesive or gummy, blistery, ete. Some scales adhere to the 
metal walls with such tenacity as to be difficult to remove cleanly, 
while some are readily dislodged once the internal pressure of 
being compacted is removed. A myriad of chemical composi- 
tions exists, such as, calcium compounds, silicates, carbonates, 
sulphates, polymers, coal tar, solidified fatty acids, miscellaneous 
chlorides, algae and other organic matters, as well as common iron 
oxide. 

Each type of scale presents a different problem of removal, 
especially as to the proper combination of tools and methods. 
Past experience is also a determining factor and must not be 


overlooked. 
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Tur Direct-DRIVE ArR-OPERATED MECHANICAL TUBE CLEANER 


One tube cleaner, which has been developed and has proved 
very popular, is known as the outside-suspension type and in 
general appearance resembles an electric drill. It consists of a 
high-powered air motor operating outside of the tube bundle, 
transferring power through a hollow rotary shaft to which is 
attached a special drill bit, brush, or other suitable accessory. 
The hollow rotary shaft provides a means of introducing a scav- 
enger such as air, water, or steam under pressure direct to the 
point of cutting and serves to soften the fouled matter, wash 
away the debris, or to keep the cutter bit cool. Accessories are 
devised so as to allow passage and exhaust of the scavenger 
medium as close to the point of cutting as possible. This cleaner 
has proved to be a boon to many harassed plant engineers and, 
due to lightweight and portability, it provides an “on the spot” 
method of removing scale and other fouling matters rapidly. 
This type of cleaner also provides the only effective method that 
can be used to clean tubes which are plugged solidly. 

Fingertip control is provided for a variety of speeds, and at 
present two types are manufactured. A light-duty unit suitable 
for one-hand operation is available weighing 3 lb, and a heavy- 
duty unit is also manufactured which weighs 17 lb. The same 
accessories can be used with either cleaner within the similar size 
ranges. The light-duty cleaner is generally used on short-tube 
heat exchangers from !/, in. ID to 7/3 in. ID. The heavy-duty 
cleaner is suitable for tubes as small as #/s in. ID, and up to 2 in. 
ID. Under ideal light-scale conditions, and where production 
warrants the application, or the equipment happens to be availa- 
ble, these ranges can be somewhat extended. For instance, 
it is recalled that the heavy-duty cleaner was used to brush out 
a quantity of 3-in-OD straight tubes which had become rusted 
or otherwise fouled to a moderate extent. 

The hollow rotary shaft of the cleaner is made in lengths to 
suit the heat exchanger being cleaned. Where heat exchangers 
are located close to walls or otherwise are obstructed and suffi- 
cient headroom is not available, shafting can be supplied in 
short lengths and coupled together as progress is made. The 
normal flexibility of the shafting, in any length, is sufficient to 
follow the contour of sagged tubes. The cutter bit is usually a 
rear-piloted type and, coupled with the limberness of the shaft- 
ing, normally stays within the confines of the inside diameter of 
the tube. A slight whipping action is perceptible at the highest 
rotary speeds when using long shafting. This action has no 
bearing on the results or the normal operation of the cleaner, but 
there is evidence that the possible contact of the shaft with the 
tube wall has a tendency to remove residual scale deposits which 
may have been left after passage of the cutter bit. 

Normally, constant forward pressure on the cleaner is satisfac- 
tory during cleaning. However, occasionally when flintlike 
deposits prevail, a vibratory attachment can be used which 
greatly facilitates progress. This attachment, used with the 
heavy-duty cleaner only, creates a staccato of sharp blows, in- 
sufficient in intensity to cause buckling of the shafting but intense 
enough to dislodge scale in sizable chip form. Blows average 
approximately 1900 per min and occur simultaneously with ro- 
tation. An analogy can be made to the well-known air-operated 
rock drill or paving hammer. The vibrating attachment also 
reduces the laborious aspect of a difficult problem by approxi- 
mately 60 per cent. Records indicate that approximately 15 
per cent of the cleaners sold are provided with this attachment. 

Drill bits are of a special-compounded alloy steel capable of 
sustained operations even under temperatures approaching 600 
to 700 F. They are generally three- or four-fluted in design and 
ground at a cutting angle of approximately 120 deg. The cut- 
ting edges are not keen but rather stubby and are ground with 
reverse rake angles. Although this cutting edge is standard, it 
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has been found that many operators grind the bits to suit thei} 


personal whims or what is compatible with the cleaning operatio} 
being performed. Occasionally on some plugged tubes auge 
type bits are used when the deposit is spongy and of a rubber 


like consistency. Records indicate that very seldom are 4 


tions alike plant to plant, and some allowances must be mad 
and time allotted for proper analysis. However, on hard ag 
posits, the fluted style of bit has proved the most popular. 


ing brushes or expanding cleaners of a scraper type can be suk 
stituted satisfactorily. | 
The selection of a suitable scavenging medium is also importart 
but, as is quite often the case, it must be what is available at thi 
plant. Mainly due to their general availability, air or wate 
seem to be the favorite scavenging mediums. Occasionally, “| 
water and steam are used, particularly on deposits which ma 
soften under high temperatures. However, steam has the di | 
advantage of condensing rapidly, thus reverting back to a ho 


q 
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tubes are not plugged and deposits are soft or powdery, expand 


water medium. Condensation is particularly rapid when lo | 


tubes are encountered and the steam source is a considerable dig 
tance away. | 
It is recommended that scavenger pressure be high enough ti 
overcome forward thrust or feed pressure of the cleaner. If thi 
scavenger pressure is not higher than the feed pressure the e% 
haust holes in the drill bits may become clogged, particularly | 
the tubes are plugged. It has also been ascertained that whey 
tubes are plugged, the smaller the tube being cleaned the greate { 
the scavenger pressure required. This is necessary in order : 
eliminate cutter-bit plugging and also because of the physica} 
limits of the rotating-shaft diameters. In order to allow tht 
debris to be forced back toward the tube mouth the outsid} 
diameter of the rotating shaft must of necessity be smaller thag if 
the inside diameter of the tube being cleaned. This restrictid| 
limits the volume of scavenger under moderate pressures ani} 
consequently, to provide for a rapid exit of debris, pressures mus 
be increased. When tubes are not plugged pressure may be lowell 
and in many cases a trickle of water at city pressure will was 
out the debris effectively. Records indicate that water pressuré i] 
as low as 30 psi and as high as 225 psi have been used effectively | 
Air pressure is usually limited to the available source which i 
most cases is 125 psi. It should be noted that no definite r y 


can be set, and recommendations are generally made from expe 
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riences of the past. | | 
Once the proper method is established, it should be recorded f f 
future use, thus eliminating further experimentation by thi 


cleaning group. Also, periodic cleaning schedules may be e: 


tablished in order to eliminate sudden process stoppages and i} | 
i 
Hi 


many cases eliminate retubing. 


Various CLEANOUTS AND RESULTS 


The actual operation is rather a simple and convenient one, ¢ 


can be noted from the illustration of the heavy-duty unit in Fig. i } 
This view shows a heat exchanger approximately 15 ft in lengtij} a : 


with 1-in-OD solidly plugged tubes. The deposit was fairl 
hard but the tubes were cleaned at the rate of 3 min each. 


Ai 


though Fig. 1 shows this heat exchanger removed from the lini : 


this practice is seldom carried out. Seldom do reasons exist fall) 
not cleaning the heat exchanger in the installed position. Or 
of the fastest recorded times, with a similar heat exchanger, o f 
curred in a Michigan Ghentiel plant. The tube bundle was si | 
lar to that in Fig. 1, but a slightly different scale deposit ws 
found. The deposit was hard but not compacted and althoudl 


the cutter bit progressed rapidly, the debris was not ash 


satisfactorily with air scavenging. Cold water at a pressure 


140 psi was tried, with the result that each tube was cleaned | 


11/, min. ) 
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Fie. 1 Heavy-Duty Tus Cleaner 


Fig. 2 Licut-Duty Tusrn CLEANER 
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Recently a battery of approximately eight heat exchangers 
at a Pennsylvania refinery became solidly plugged with a flint- 
like deposit. The cleaning crew was doing the best that could be 
accomplished with the existing tools. Owing to unusual condi- 
tions the best was not satisfactory, and a faster method was 
sought. Ina general discussion, retubing was even considered as 
being faster than existing methods of cleaning. A most unusual 
condition prevailed in this battery of heat exchangers as the 
majority of the tubes were plugged for a distance of approxi- 
mately 3 ft from either end. This was due probably to localized 
heat at the terminal ends, but since this condition was effective 
in stopping circulation, the units had to be taken off stream for 
cleaning. 

Two heavy-duty cleaners were dispatched for this plant on a 
rush order. The advantages of these units were demonstrated on 
the spot in comparison to the cumbersome previous efforts. 
Mechanical cleaning in similar instances has since become a 
standard procedure. 

The results mentioned previously are only a few accomplished 
with the heavy-duty cleaners. The light-duty cleaners, Fig. 2, 
have a similar record of performance. In a New Jersey soap 
plant a short heat exchanger was slowing down in performance. 
Records indicated that this heat exchanger had not been cleaned 
in approximately 8 years and that the hard water used was the 
cause of the fouling. The heat exchanger was mounted in a very 
awkward position in respect to retubing or replacement, an op- 
eration which would take approximately 1 week. The light- 
duty cleaner performed the cleaning operation, at an invested 
cost in tools of less than $125, in approximately 16 hr without 
seriously hampering process operations. Normally, a heavy- 
duty cleaner would have been recommended, and the job could 
have been halved in time. However, owing to the general in- 
accessibility of the heat exchanger, the lighter cleaner seemed 
more practical. It was also planned that thereafter the equip- 
ment would be cleaned periodically, a job most suitable for a small 
cleaner. 

In a nationally known electrochemicals plant at Niagara Falls, 
the same type of light-duty cleaner provided a cleanout in !/2 
hr, an operation which formerly took 5 to 8 hr by previous 
manual methods. Since this cleaning was necessary every week, 
the savings are obvious and, in fact, with a few cleanouts, the 
savings amortized the basic cleaner cost. 


ELECTRICALLY DRIVEN FLEXIBLE-SHAFT TUBE CLEANERS 


Electrically driven flexible-shaft cleaners have been found 
satisfactory for use in confined quarters or where compressed air 
is not readily available. This type of cleaner is also popular for 
cleaning certain process calandria units, and the vertical open- 
head shell-and-tube condensers in refrigeration plants. It may 
be well to point out that in an ammonia-compressor plant, 
enormous savings in electric power used for compression not only 
are possible but an actual fact. It has been ascertained that 
even after hand-cleaning, a substantial amount of the deposit 
remains, and that a follow-up with the mechanical cleaner re- 
moves enough additional deposit to reduce the ammonia head 
pressures between 10 and 25 psi. Taking a pressuré reduction of 
25 psi into consideration, a 300-ton per day ice plant, operating 
300 days a year, could save approximately $7500 yearly in elec- 
trical power alone, a saving which more than pays for cleaning 
equipment and the labor involved during the course of a year. 

When cleaning the open-head shell-and-tube condensers in a 
refrigeration plant with electrical equipment, no scavenging 
operation is necessary. ‘The condenser can be cleaned without 
process stoppage and while the cooling water is in circulation. 
Since the circulation is downward, the debris is carried to the 
bottom sump and generally can be removed readily. 
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The case history concerning a cereal plant in a New York ares 
is on file indicating the fact that three vertical evaporators, eacy 
consisting of 680 2-in-OD copper tubes, 3 ft long, were cleanesf} 
successfully with an electrically driven cleaner in 2 hr by twp 
men. This compares favorably with former cleaning of only tw) 
evaporators in 1 day, involving the labor of four men using man 1 
methods. Brushing the light soft malt deposit with a nylon ty a ( 
of brush also produced a highly polished surface, a desirable co i 
dition which never existed before. Cleaning in this case is dom} 
every 2 weeks with great savings in cost over previous practices. 

The electrically driven cleaners range from !/, hp to 11/2 h 
and can be furnished with prevailing electrical characteristics; 
Tubes of 1/. in. to 4 in. ID can be cleaned. Quite often remot 
push-button control devices are featured. Flexible shafting 
manufactured in standard lengths from 15 ft to 35 ft in 5-ft addi 
tions, the most convenient length being roughly 5 ft in excess ¢ 


i 
i 
| 
i 
the tube lengths being cleaned. | 
i 
M 
i 


CLEANING REetTURN-BEND-TyrE Heat EXCHANGERS 


Previous discussion on cleanouts applies particularly to net 
return-bend-type heat exchangers. The necessity for cleanin} 
the return-bend-type heat exchanger does not often exist as th 
majority of such installations are located in nonfouling processe# 
If serious fouling conditions are anticipated, designers invariab 
will specify that the straight-tube nonreturn-bend type of hes 
exchanger be installed. ‘The U-bends of the return types are tha 
restricting factors. They are difficult to clean, and in mod 

ij 
i 


cases it is impossible to do so mechanically. However, if return 
bend types do need cleaning and providing the radius is genero 

it is occasionally possible to do so by means of flexible attack 
ments. These attachments are inserted, on both the air or eled 
tric cleaners, between the shafting and the cutting tools ang 

again, depending upon the radius, will completely negotiate thi) 
U-bend from one side or will clean halfway. The other half q 
the U-bend can then be cleaned through its corresponding seq 
tion of straight tube. However, this is practical only if the dd} 
posit is fairly soft, the tubes are not completely plugged, or at leas}! 
not plugged with a very hard deposit. Cleaning can be by eithet 
the air or electrically operated units. I) 


i 


| 


SranparpD Arr, WATER, OR STHAM-DRIVEN BorLER-TUBE 
CLEANERS 


| 
These cleaners are of the so-called “turbine” type, the "| 
of which are either true impulse turbines or expansion-reactio 
type in design. These motors are usually adjacent to the cuttin 
accessory, hence the cleaner must enter the tube. Feeding il ; 
done by means of an appropriate hose which is resilient and plig| j 
ble, thus being able to negotiate the bends which predominat | 
in the majority of boiler tubes. History would indicate that th : 
water-driven turbine type was first developed approximately 4 H| 
years ago. At that time the use of compressed air was not i 
popular reality. It must be assumed that since water pump!” 
were always available around the boiler room, water as moti i 
power was natural. Today the air-driven cleaner is the mos al 
popular, and this cleaner, as well as those driven by steam 
water, can be used for the cleaning of heat exchangers. Approx 
mately 30 per cent of the turbine type of cleaners manufa i 
tured are for use in heat-exchanger cleaning. However, its u: 
is limited to tubes which are not plugged, or where deposits ax 
not very thick, and particularly where a substantial amount i} 


time is available for tube cleaning. Quite often this time factoll!_ 
coupled with the lower investment of the standard boiler-tu 
cleaner, may be the deciding factor relative to the selection of am 
of the cleaners described in this paper. To some extent the cu: 
ting accessories are similar, and there are also many cases ail 
record where drill bits have been directly attached with successft}} - 


JOHN—MECHANICAL CLEANING OF FOULED HEAT-EXCHANGER TUBES 829 


esults. When utilizing these cleaners, the general practice is 
o eliminate auxiliary scavenging mediums as in most cases the 
xhausting water, air, or steam is sufficient to carry away the 
lebris. These cleaners are made for the cleaning of tubes as 
mall as }/. in. ID. For all practical purposes there are no re- 
trictions to the upper limits, and tubes up to 6 in. ID are com- 
nonly cleaned, although not necessarily heat-exchanger tubes. 


CoNCLUSIONS 


Experience with mechanical cleaners has indicated that large 
avings in capital investment, as well as increased process effi- 
iency are attainable. The usual maintenance crew is sufficienty 
xperienced to handle mechanical cleaners which can be procured 
it a very moderate cost. Consequently many plants have es- 
ablished this method as the preferred one, particularly for im- 
nediate ‘‘on the spot” service, and also as spare emergency clean- 
ng equipment. Experience also indicates that these cleaners 
isually perform their task satisfactorily long before other meth- 
yds are started. For the opening up of completely plugged heat 
xchangers, mechanical cleaning is the only method available 
arring retubing. At present there is no known method of 
jickling, lancing, or otherwise clearing out plugged heat-ex- 
changer tubes. 

Since the advent of the specially designed cleaner, manufac- 
urers have noticed consistently an increased interest and de- 
nand for its use. It must be presumed that this interest has 
een aroused because of the feasibility of such a product and 
nethod. Unquestionably, as time progresses, the improvement 
of mechanical cleaners will keep pace with engineering concepts 
of maximum work output at a minimum invested cost, and in the 
shortest length of time. 


Discussion 


F. E. Jounston.?. Prior to the introduction of the pistol- 
type hollow-shaft and cutter-bit tube cleaner, we had tried vari- 
ous methods of cleaning badly fouled condenser tubes using 
varied types and combinations of equipment ranging from twisted 
square cold-rolled stock hammered out to an arrowhead which 
was twist-driven into the tube with a hammer and then turned by 
a pipe wrench to loosen it. 

This method was crude and time-consuming, as well as in- 
efficient. The same type rod was next used but propelled by 
electric drilling machines. This procedure resulted in burned- 
out equipment, and very tired and disgusted operators, as well as 
a costly and unsatisfactory job. 

Both of the foregoing operations were carried out on a dry 
basis at long and unscheduled intervals. 

Then we procured a pistol-type tube cleaner, using air at 100 
psi for driving the drill head. With water as the flushing agent 
at 70 psi, we were able to speed up operations and obtained a more 
effective and therefore a more efficient cleaning job. 

As pointed out in this paper, no matter how good the available 
equipment, unless a definite schedule of periodic cleaning is set 
up and adhered to, tube cleaning will be slow, laborious, and 
costly. 

The technique of the men performing this work is also impor- 
tant. They must be trained thoroughly in the use and care of 
the equipment and the most effective methods must be employed. 
An operation of this nature requires patience, skill, and con- 
scientious application to the job at hand. 


2 Bergenfield, N.J. 


Chemical Cleaning of Heat- 
Exchange Equipment 


By C. M. LOUCKS! ann C. H. GROOM? 


The use of chemical solvents in cleaning heat-exchange 
equipment is described on the basis of the types of de- 
posits, the solvents available, and the metals encountered. 
The application of the solvents is discussed, and a number 
of case histories are described, illustrating chemical 
cleaning in various industries. 


T is logical to expect heat-exchange surfaces to experience 
-§ some degree of fouling. When the fouling becomes serious 
enough to cause appreciable loss in efficiency of heat transfer, 
some measure of corrective maintenance is necessary. This paper 
concerns the use of chemical solvents for removing the offending 
deposits and restoring the equipment to satisfactory performance. 
The successful and economic application of solvent cleaning 
depends upon a number of factors, namely, the deposits, the 
metals in the unit to be cleaned, the solvents available, and safe 
operating practices. It is proposed to discuss these factors as they 
influence solvent cleaning and to describe the methods of applica- 
tion by citing experiences with solvent cleaning in various indus- 
tries. 


Deposits 


The successful removal of any type of deposit with solvents is 
naturally dependent upon the nature of that deposit. In solvent 
cleaning of heat-exchange surfaces, the deposits, for purposes of 
identification, are divided into one of three broad classes, namely, 
inorganic deposits, organic deposits, or mixtures of inorganic and 
organic deposits. 

Inorganic Types. The inorganic deposits consist of a com- 
paratively small number of specific chemical compounds, which 
may be designated by chemical or mineral name, and by chemical 
formulas (1). The possible constituent metals must be limited to 
those cations present in the water or fluid medium or formed from 
the metals with which the fluid medium comes in contact. The 
negative ions or anions will be those present in or derived from the 
uid medium. 

For example, if a well water is used as a cooling medium in a 
system consisting of steel pipe and a heat exchanger constructed 
with cast-iron channel sections and copper-alloy tubes and tube 
sheets, one may list the possible positive and negative ions to be 
sxxpected as follows: 


Metal ions Negative radical 
Ca CO3:= HCO3— 
Mg SO.- 
Na (Ole ) 

from water 

K Sr 
Fe Oxygen, OH~ 
Mn Silica 


1 District Chemist, Dowell Incorporated, Cleveland, Ohio. 

2 Development Engineer, Dowell Incorporated, Tulsa, Okla. 

3 Numbers in parentheses refer to the Bibliography at the end of 
he paper. 

Contributed by the Heat Transfer Division and presented at the 
\nnual Meeting, New York, N. Y., November 28—December 3, 
948, of Tum AmmRIcAN SOCIETY OF MeEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
inderstood as individual expressions of their authors and not those of 
he Society. Paper No. 48—A-113. 


Metal ions Negative radical 
By corrosion attack 
on metal surfaces 
Fe 
Cu 
Zn 


It would be possible to discover in the deposits such com- 
pounds as are insoluble in water under the conditions existing 
in the system: 


Carbonate or basic carbonate of Ca, Mg, Fe, Mn, Cu, Zn 


Sulphate of Ca 
Oxide or hydroxide of Fe, Mn, Cu, Zn 
Silicate of Ca, Mg, Fe, Mn, Cu, Zn 


Basic chloride of Cu 
Sulphide of Fe, Cu, Zn 


Further, if chemicals are being added to the system for corrosion 
control (phosphates, chromates, silicates, etc.), or for any pur- 
pose whatever, compounds containing these anions may be found 
in the deposits. 

Organic Types of Deposits. Organic materials may be found on 
water sides of tube and shell units under operating conditions 
where: 


1 The water or steam is contaminated with oil or other 
organic matter. 

2 Conditions are favorable for the growth of living organisms, 
such as slime or algae. 


However, typical organic-type deposits are generally associated 
with the product sides of exchanger units in oil refineries (2, 3, 4), 
coke plants, chemical industries, etc. 

Organic deposits generally consist of not one or two but hun- 
dreds and probably thousands of organic compounds. The effect 
of heat, pressure, moisture, and other physical chemical factors 
can produce a great variety of organic deposits. The organic de- 
posit may be anything from a light volatile fluid, to a highly 
polymerized material or decomposed cokelike deposits which 
appear to be untouched by the solvents usually employed for 
solvent cleaning. Petroleum refineries, by-product coke plants, 
synthetic-rubber plants, the fermentation industry, food-proc- 
essing industry, the chemical industry, and others have problems 
with organic deposits. 

Because of the almost unlimited variety of organic deposits, 
identification for purposes of chemical cleaning may be generalized 
as follows: 


1 Of vegetable origin; saponifiable, or nonsaponifiable. 

2 Of petroleum origin; soluble in carbon tetrachloride, or 
insoluble in carbon tetrachloride. 

3 Of coal origin; soluble in benzene or pyridine, or insoluble 
in benzene or pyridine. 

4 Miscellaneous 


The foregoing classifications for organic deposits are not en- 
tirely satisfactory. However, since no attempt can be made to 
classify these materials by their chemical identities, it becomes 
desirable to characterize them on the basis of some simple descrip- 
tive laboratory tests. The fundamental problem is to determine 
whether the deposit can be dissolved in a suitable organic solvent 
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or dislodged and dispersed in an aqueous solvent sufficiently to 
effect its removal. 

Mixtures of Organic and Inorganic Materials: It is not uncom- 
mon to find typical inorganic deposits in water and steam systems 
mixed with oil or grease, with living organisms such as slime, or 
various other materials which entered the system accidently. 

On the other hand, most organic deposits contain some inor- 
ganic material resulting from corrosion of the metals in the system. 
For example, in a petroleum refinery, most organic deposits are 
mixed with the sulphides of iron or copper. 

Special chemical-cleaning procedures may be necessary for 
dealing with these mixed deposits satisfactorily. This will be 
illustrated by a specific case history. 


Types of SOLVENTS 


In solvent cleaning there are many solvents available. The 
number of practical solvents is limited, however, by cost, by fire 
and health hazards, and by the corrosive nature of the solvent. 
The type of solvent used in chemical cleaning is greatly influenced 
by the metals in the unit to be cleaned. The relation of the metals 
to solvents is illustrated in Table 1. 


TABLE 1 PROPERTIES OF METALS ENCOUNTERED IN CHEMI- 
CAL CLEANING 
Frrrous Merrars 


Cast irons can be cleaned with any of the common solvents used for that 
purpose. When using inhibited acid, however, it is advisable to use lower 
temperature limits than for low-carbon steel. 


Carbon and low-alloy steels offer good resistance to cleaning solvents, includ- 
ing inhibited acids at rather elevated temperatures. However, it must not 
be assumed that all carbon and low-alloy steels exhibit the same corrosion 
characteristics in inhibited acids (9, 10,11). 


Stainless steels are, in general, more resistant to corrosion than low-alloy 
steels. This particularly is true of the 18-8 types of chromium-nickel alloys. 
This is less true of the chromium stainless steels. Care should be exercised 
jn the use of inhibited acid in contact with the latter. 


Galvanized iron cannot be cleaned by either inhibited acids or strong alkalies. 
Neither should be used unless corrosion has already so nearly destroyed the 
galvanized coating that its complete removal is of no consequence, 


CoprpR AND Copprrr ALLOYS 


Copper and copper alloys are, in general, resistant to nonoxidizing acids, 
alkalies, and organic solvents. 


Nickrn anp NickeL ALLOYS 


Nickel and nickel alloys are resistant to nonoxidizing acids, alkalies, and or- 
ganic solvents. 


ALUMINUM AND ALUMINUM ALLOYS 


Aluminum and aluminum alloys are becoming more extensively used in the 
fabrication of heat-exchange equipment. The solvent cleaning of such 
equipment must not be attempted with inhibited acid or with strong alkali. 
Strongly oxidizing acids and mild alkalies may be used. 


TIN AND Leap 


Block tin is seldom encountered but is quite resistant to attack by the com- 
mon solvents under the conditions employed. The same may be said of 
lead, which might be used for gaskets, calking, or special fittings. Further 
tin-lead solders are not subject to serious attack, z 


CHEMISTRY OF CHEMICAL CLEANING 


Inorganic Deposits. In general, inorganic deposits are removed 
because the acid solvent reacts with the compounds in the deposit 
converting them to new compounds which are soluble in the 
aqueous solution. I‘or example 


Carbonates ‘ 
CaCO; + 2HCl = CaCl, + H,O + CO, 


The CO, is evolved as a gas and the CaCl, is readily soluble in 
water. Other carbonates behave in the same way. 


Oxides 
FeO; + 6HCl = 2FeCl, + 3H.O 


This reaction goes on more slowly than the one used in the first 


illustration. However, the product ferric chloride is soluble in 
the acid medium. 


OCTOBER, 1944 


Certain oxides present special problems: Cuprous oxide, be 
cause it is not readily soluble in low concentrations of hydrochloriiff 
acid, and manganese dioxide because, if it does dissolve in hy deer 
chloric acid, it causes the liberation of free chlorine which caf 
create a serious corrosion hazard. 

Sulphides. Iron sulphide dissolves readily but with evolutioy 
of hydrogen sulphide, a very poisonous gas, which must 
handled with proper safety precautions in mind. Copper suj 
phides are not readily soluble. Zinc sulphide is intermediate ! 
properties; it will dissolve readily under the proper conditions. |} 

Calcium Sulphate. This compound, which is found much mo rt ! 
often in boilers using raw water than in heat-exchange equip) 
ment, is difficult to remove. For all practical purposes it is onl 
slightly soluble in hydrochloric acid. One method of treatmen} 
which is effective in some cases is to use alternate alkaline and acif| 
stages. Some calcium-sulphate deposits respond to treatme 1 ; 
with hot strong caustic solutions (5), but this method has naj) 
been widely used to date. The cost and danger of handling thi 
solvent tend to discourage its use. 

Silicates. The chemistry of the silicates is rather comple} 
It will serve our purpose here to indicate that there are two ge 
eral methods of removing difficult deposits: 
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1 The use of hydrochloric acid containing addition agen|f 
which increase the solubility of the silicates. 


2 The use of alternate alkaline and acid stages. 


Usually laboratory tests and previous experience will guide ti 
engineer in deciding which procedure to use. 

There are some other miscellaneous substances which are e/ 
countered infrequently, but the ones cited are of the most ge! 
eral interest and will serve well to illustrate the problems ij 
volved. One other may be mentioned only because it presery 
an unusual corrosion problem. Calcium sulphite will dissolve 
hydrochloric acid but when it does, it forms a strong reduci 
agent, sulphurous acid, which destroys many of the organic-ty 
inhibitors that are used in chemical cleaning. This may resu\) 
in serious acid attack on the metal unit. ; 

Organic Deposits. As suggested, much of the task of removik i 
organic materials involves physical changes rather than chemici 
reactions. Solution of the deposit in a suitable organic solve! H 
or dispersion in aqueous medium are the most common method}! 
The chemical reactions involved include the following 


a 


Sa 


TAT 


(a) Saponification by strong alkali. 
(b) Oxidation by alkaline or acid solutions containing stroall ; 
oxidizing agents. i) 
(c) Reaction with concentrated sulphuric acid. 


These few chemical generalizations are sufficient for this dil 
cussion. 


PRECAUTIONS | 


cleaning is to be done without danger to equipment and to p 
sonnel. 

For the safety of both equipment and personnel, it must || 
recognized that explosions have occurred in a few instances whe 
proper precautions have been wanting. Hydrochloric acid nd | 
mally reacts with iron 


There are several other problems to be considered if chemia|} 


Fe + 2HCl = FeCl + H, 


Hydrogen is evolved. Substances known as inhibitors are u: 
in the acid to inhibit or discourage this reaction, but the bé I: 
inhibitors cannot stop it completely. If the hydrogen whichill// 
evolved is allowed to become mixed with air in a confined spadhe 
a spark, a lighted match, cigarette, or a flame tool, can ignite till” 
mixture and a serious explosion may result. It is essential thil- 
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uydrogen and other gaseous reaction products be conducted 
hrough proper vent lines away from confined spaces and from 
jources of ignition. ‘No Smoking” and “No Welding” signs 
should be posted where necessary. 

Specifically, for the protection of personnel, it is important that 
those handling acids, alkalies, inhibitors, and other compounds 
used in chemical-cleaning operations be instructed properly in 
methods of handling and be clothed properly with goggles, rubber 
suits, and rubber gloves when these are necessary. 

Proper equipment should also include devices for detecting 
poisonous gases, which may be formed by chemical reaction be- 
bween solvent and fouling deposit, and suitable gas masks or 
respirators, to be worn when needed. 

The following are some examples of hazardous gases: 


1 Hydrogen sulphide is extremely poisonous and is frequently 
encountered in chemical cleaning work 


FeS + 2HCl = FeCl + HS 


2 Carbon dioxide is evolved from all deposits containing cal- 
clum carbonate when inhibited acid is applied. It is not poi- 
sonous and is not normally considered dangerous. It can cause 
suffocation. The gas is much heavier than air and tends to settle 
into low places. 

3 Sulphur dioxide is formed from deposits containing sul- 
phites. It is extremely disagreeable and severely irritating to 
respiratory organs. 


For the protection of metal equipment there are some further 
considerations. It is not enough to know how each metal be- 
haves in inhibited acid alone. One must consider also the pos- 
sible effect of certain constituents in the deposit on the relation 
between solvent and metal. Oxidizing agents such as ferric- 
ion compounds (6), copper compounds, manganese dioxide, and 
chromates, tend to cause the corrosion rate to be higher than it 
would be otherwise. Special tests may be necessary to deter- 
mine whether this effect will be serious. Reducing agents such 
as sulphites also have an adverse effect on many inhibitors. 
These facts must be properly anticipated and investigated if 
chemical cleaning is to be done safely. 


Meruops or APPLICATION 


Chemical cleaning is generally performed by handling the 
solvent or solvents in tank trucks equipped with means of dilut- 
ing concentrated aqueous solvents with water to the desired 
percentage concentration, of heating with live steam to the 
desired temperature, and pumping the solvent at the proper 
strength and temperature to the unit to be cleaned. This re- 
quires that steam and water lines be run to the truck location 
and a solvent line from the truck to the unit. Circulating the 
solvent during the reaction period may or may not be necessary 
or desirable. If it is, a return line from the unit to the pump 
‘ruck becomes necessary. The need for proper venting has al- 
ready been emphasized. A typical hookup is shown in Fig. 1. 

The proper reaction time between solvent and deposit is de- 
ermined by chemical tests and by the experienced judgment of 
the chemical-cleaning engineer. The solvent must then be dis- 
sosed of, the unit flushed thoroughly with water and, following the 
ise of acid solvents, a neutralizing wash applied. 

If the solvent has dissolved most of the deposit and caused the 
emainder to slough away from the metal surface so it can be 
washed out, the chemical cleaning would be considered success- 
ul. A nearly pure calcium carbonate or phosphate deposit will 
lissolve practically completely in a short time, but an iron-oxide 
leposit, for example, dissolves slowly, while much of the deposit 
ends to slough away. It would be impractical in most cases to 
ontinue the treatment to the point of dissolving 100 per cent of 
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Concentrated Solvent Tank 


(%Steam Line 
(100-200P S.1.) 


Water Line 
(100 GPM or more) 


Solvent-Water as 
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Input Line 
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Discharge 
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the deposit. In general, then, it is necessary to anticipate the 
presence of sloughed material. In many cases normal flow of 
water through a heat exchanger will remove this sloughed mate- 
rial. In other instances it is necessary to provide some means of 
washing or scraping out this material. This is one of the most 
serious difficulties involved in removing certain deposits from the 
shell sides of tube and shell exchangers without dismantling the 
units. Fortunately, in most other types of equipment it is not a 
serious problem. 

The properties of metals encountered in chemical cleaning are 
given in Table 1. 


Casre HisTories 


Power Plant (Turbine Condensers). The degree of fouling 
which can be permitted before cleaning is necessary depends upon 
the individual circumstances (7). In a large utility generating 
station every tenth of an inch of vacuum lost because of fouling 
is important. In the powerhouse of a small manufacturing com- 
pany, generating part or all of its own power, the loss of vacuum 
may become several inches before the operator is seriously con- 
cerned. 

Most generating-station turbine condensers are chemically 
cleaned on the water side or steam side or both by filling with 
dilute hydrochloric acid, containing inhibitors and wetting agents, 
allowing a soaking period of 1 to 4 hr,.and then flushing. The 
water side is easily flushed with regular circulating water. The 
gain in vacuum or drop in back pressure probably will be some- 
where between 0.1 in. and 1.5 in. 

On the other hand, a small condenser in a manufacturing plant 
may require two or more fillings of inhibited hydrochloric acid to 
restore several inches of lost vacuum. Perhaps it would be better 
economy to have cleaned the condenser at more frequent inter- 
vals using correspondingly less solvent and time and having a 
much higher average efficiency of operation of the unit. 

If a serious slime condition exists in the cooling-water side of 
a turbine condenser in addition to scale deposits, it may be neces- 
sary to remove the slime by chlorine, copper sulphate, or hot 
alkaline pretreatment and then to use inhibited acid to remove 
the scale. 

Feedwater Heaters. High-pressure-stage feedwater heaters pre- 
sent a problem in chemical cleaning. Low-pressure heaters are 
usually fouled with deposits containing copper and iron oxides. 
Dilute inhibited hydrochloric acid will generally remove them 
easily. 
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In high-pressure-stage heaters the same deposits are encoun- 
tered and have the same physical appearance. However, ex- 
perience has shown that they cannot be removed with straight 
inhibited hydrochloric acid. The reason for this is that they 
generally contain decomposed oil in amounts of from approxi- 
mately 2 to 30 percent. This oil, even in the smaller quantities, 
interferes with the solution of the deposits in acid. 

An example is a Foster Wheeler four-pass horizontal heater 
containing 760, 14-gage Admiralty, 0.75-in-OD tubes 18 ft long 
with 2690 sq ft of heating surface. The unit was a fourth-stage 
heater operating at approximately 400 F, deposits consisting of 
a very thin scale containing copper oxide and hydrated iron oxide. 
Inhibited hydrochloric acid containing a surface-tension-lowering 
agent was added to the heater at 155 F and slowly pumped 
through the unit, expending the used solvent to the sewer. The 
unit on casual observation looked clean; however, later operating 
data indicated that it had not been cleaned to any appreciable 
extent. 

The deposits were reanalyzed and an infrared analysis showed 
that there was approximately 2.2 per cent oil present. Samples 
from a fourth-stage heater in another unit, operating under the 
same conditions, were obtained. These had the same analysis, 
and an infrared analysis indicated that there was approximately 
2.2 per cent oil present. An oxidizing solution was pumped 
through the second heater and circulation was continued for 1 
hr, following which the solution was displaced to the sewer with 
water. Inhibited hydrochloric acid was then added. This time 
the heater was clean. 

The same types of deposits in high-pressure feedwater heaters 
have been encountered in several power plants. Oftentimes one 
stage of the oxidizing agent followed by an acid solvent is not 
sufficient. On some heaters as many as four stages of each type 
of solvent have been necessary. 

Some interesting performance data on feedwater heaters chemi- 
cally cleaned are contained in Table 2. 

Steel Mill Coke Plan's (Wash-Oil Coolers). For the recovery 
of light oils from coke-oven gas, the gas is scrubbed with a high- 
boiling petroleum oil called wash oil. The wash oil picks up 
light oils in a light-oil scrubber, goes to the light-oil recovery 
plant, where the light oils are distilled out, then back to the 
scrubber. On the way back, it goes through wash-oil coolers 
which cool it with water to the appropriate temperature for effi- 
cient pickup of light-oil vapors. 

The coolers consist of cast-iron sections arranged in columns 
and rows with a system of water spray nozzles overhead and catch 
basins underneath. The outer surfaces of the cast-iron sections 
were covered with iron oxides formed as & result of-corrosion of 
the cast iron. Between the outer corrosion products and good 


TABLE 2 TERMINAL TEMPERATURE DIFFERENCES OF TURBOGENERATOR FEED- 
WATER HEATERS BEFORE AND AFTER CHEMICAL CLEANING 


——-Unit 8—~ ——-Unit 9——~ —-Unit 10- Unit 12 
Before After Before After Before After Before After 

4th-Stage heater: 

Actual steam temp, deg F. 646.9 629.6 (Not taken) 620.5 669.5 633.4 574.2 562.7 

Avg steam press, psia. ~. 209).9' 20080 221.2 214.1 219.9 221.5 152.1 148.7 

Temp water leaving htr, deg F F 378.8 380.0 388.1 387.4 386.5 390.2 352.7 353.8 

Terminal temp diff,¢ deg F. . +7.0 +1.8 +2 .2 +0.1 +38.0 +0.2 +6.9 +4.0 
8th-Stage heater: ‘ 

Actual steam temp, deg F. 504.3 486.7 (Not taken) 471.3 518.5 499.7 394.2 371.4 

Avg steam press, psia....... 96.2 91.9 100.4 O74 “OT0" NOT 5 47.7 44.6 

Temp water leaving htr, deg F 311.4 316.8 318.3 324.2 313.0 324.2 269.7 267.4 

Terminal temp diff, deg F. . $138.5 +4.9 +9.8 +1.5 +15.5 +4.7 +7.8 +6.5 
hes tie i heater: 

ctual steam temp, degF... 314.2 291.8 (Not taken) 315.6 335.9 309. 

Avg steam press psia........ 39.3 36.0 40.2 38.1 40.8 39 ei 1”? 3 ati ? 

Temp water leaving htr, deg F 259.3 259.1 259.3 263.9 254.0 265.0 173.2 170.3 

Terminal temp diff,“ deg F, +6.9 +1.8 +8.3 +1.1 +14.5 41.3 +9.1 +10.8 
14th-Stage heater: 

Actual steam temp, deg ey 183.6 182.5 (Not taken) 184.4 201.8 186.3 (Not taken) 

Avg steam press, psia....... 8.8 8.2 8.4 8.2 9.2 9.1 (Not taken) 

Temp water leaving htr, rg F 178.2 176.9 Lae 176.2 167.8 180.0 (Not taken) 

Terminal temp diff 14 deg 104 +9.0 +7.0 +13.4 +7.8 +21.4 +8.9 (Not taken) 


¢ Based upon saturated steam temperature. 
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metal underneath, was the transition layer of partly corroded metat 
which is typical of graphitic corrosion on cast iron. This laye 
tends to discourage the sloughing away of the corrosion prodf} 
ucts leaving a clean metal surface. 

The procedure for cleaning was to spray warm inhibited aciaj 
over the coolers through the regular spray system while the stand} 
were kept warm by allowing some oil circulation through 
them. After about 10 min, the acid spr*y was stopped, the 
stands allowed to soak a short time, and then were washed dowy 
with high-pressure water hoses to help slough away the heavy, 
iron-oxide layers. This cycle was repeated until the coolers werq] 
sufficiently clean. Only part of the coolers could be treated} 
at one time while the others were in use. 
required for each part. 

After cleaning, the temperature of the oil leaving the ébolem : 
was 13 to 14 deg F lower than before cleaning, with the same rate}; 
of water and oil flow to the coolers. 

Refinery Equipment. Few industries use more heat-exchang¢ 
equipment, have more trouble with fouling, or more interesting} 
chemical-cleaning problems than the petroleum industry. Tha} 
deposits found in cooling-water systems do not present an unusual 
or peculiar problem, but the product systems present many prob 
lems. The deposits are essentially sulphides of the heat-ex} 
changer metals, and organic matter in various states of decom} 
position and polymerization. Iron sulphides are soluble i 1 
inhibited acid, but the H.S evolved is a very poisonous gash 
The copper sulphides and polymerized organic matter are now 
readily soluble. When the latter occur on the shell side of a tubd} 
and shell exchanger the problem is aggravated by the possibilit: 
of the spaces between the tubes being plugged solid so the solvent\} 
cannot come in contact with the deposit, and by the difficulty of 
removing material which sloughs loose but does not dissolve. 

Heat Exchangers. Following is described a case in which 4} 
mixed organic-inorganic deposit was found in the tubes of a hori} 
zontal tube and shell exchanger. A desalted Illinois crude oii} 
passes through the tube side; in at approximately 275 F and out) 
at 310-320 F. An attempt was made to clean the tube side with} 
alternated stages of detergent solution and acid, but without} 
success. 

Tests conducted in the laboratory on the deposit showed it tal 
be a mixed organic-inorganic material. The results of the tes dh 
may be shown as follows: il] 


Organic matter soluble in carbon tetrachloride, per cent... .. 31 
Organic matter insoluble in carbon tetrachloride, per cent. 8 |i 
Inorganic matter soluble in hydrochloric acid, per cent...... 49 || 
Inorganic matter insoluble in hydrochloric acid, per cent.... 12 jf 
The total soluble in hydrochloric acid and carbon tetrachlo- il 
chloride; ‘percent. 49.20. Sek, Pee eee eee 80 jf 
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TABLE 3 DESIGN DATA ON HEATERS IN TABLE 2 


sth Stage oa Unit 8 Units 9 and 10 Unit 12 

ADULACTUTSE ctaleik tare siandlelnto ideo F - - 

Total ANCA SOLU en cecncmc Merny ay onsen Bae i age ie cei tei 
Nominal over-all heat transfer, Btu per hr 1924 X 108 20.65 X 108 59.03 & 10 
Turbine-throttle steam flow, lb per hr. ... 280000 280000 "570500 

Sth Siero heater: 

ADUTACTUNCE na wort cet c ee eee F -Wh - Q 
Total area, SON teks «crete ic hamonwe. EE ag ee pipe pea as 
ominal over-all heat transfer, Btu per hr 18.31 xX 108 18.90 x 108 41.65 * 108 
Turbine-throttle steam flow, lb per hr.... 280000 280000 "570500 
Bleh Steee heater: 
AUERC GUTOTM oars toxevaiciaytiareneseuths won eaters Foster-Wheele = 
Total area, sq ft... writin’ Bea oo i. perigee PS tiacseie PeaO ar 
ominal over-all heat transfer, Btu per hr 21.36 X 108 22. 6 
Turbine-throttle steam flow, lb per hr.... 280000 3 330000 - =e E500 a 
14th-Stage heater: 
Niaiutac tuner rs sae races Gite Peeves Foster- Wheeler Foster-Wheeler 
Total area, sq ft 1025 1025 
Nominal over-all heat transfer, Btu per hr 21.42 x 106 20.68 X 108 
Turbine-throttle steam flow, lb per hr.... 280000 280000 


The method of cleaning decided upon was to use an emulsi- 
fied solvent containing both inhibited hydrochloric acid and or- 
ganic solvent. Two batches of emulsified solvent were circu- 
lated through the unit, then it was flushed, neutralized, and put 
back in service for another complete run. 

lt is interesting that, in the same system, in the exchanger fol- 
Owing the one just described, where crude-oil temperature rises 
to 400 F, the deposit was quite different: 


Organic matter soluble in carbon tetrachloride, per cent..... 30 
Organic matter insoluble in carbon tetrachloride, per cent... 32 
Inorganic matter soluble in hydrochloric acid, per cent...... WZ. 
Inorganic matter insoluble in hydrochloric acid, per cent.... 21 
Total soluble in hydrochloric acid and carbon tetrachloride, 

PCT ICOUG p51. ae evans a poeta a ss lley a oseienssee ie ORT nes ea 47 


Tubes taken from this unit were treated with the emulsified 
solvent in the laboratory by circulating through a single tube 
with a laboratory pump. The tube did not clean up. There 
was not sufficient material soluble in the solvent to permit the 
insolubles to slough away. This is pointed out merely to illus- 
trate that a method which may be quite successful on one unit 
may fail on another operating under different conditions. 

Gasoline Condensers. In a Texas refinery a heavy calcium- 
carbonate scale was removed from the cooling-water side of gaso- 
line condensers with inhibited hydrochloric acid. The results 
reported are interesting: After chemical cleaning, the gasoline 
leaves the condensers 20 deg F cooler than when the units are 
mechanically cleaned. The operator reported that this 20 deg 
F lower temperature will reduce evaporation losses to the extent 
that the cost of chemical cleaning will pay out in less than 2 weeks 
of operation. 

Marine Lubricating-Oil Coolers. The lubricating-oil coolers 
on many ships need frequent cleaning to remove from the oil 
side a heavy greaselike material which is primarily hydrocar- 
bons with some sulphur containing organic matter (8). 

The usual procedure is to use an emulsion, consisting of an 
organic solvent emulsified with an aqueous alkaline solvent. The 
solvent is used at elevated temperatures and from 2 to 4 hr con- 
tact time are usually sufficient. Occasionally it is necessary to 
follow the emulsion with an acid stage if corrosion products have 
been formed in or carried into the coolers. 

Synthetic-Rubber Plant. An interesting operation conducted 
during the war was the chemical cleaning of all the heat-exchange 
equipment in a synthetic-rubber plant. The plant was designed 
with a rated capacity of 90,000 tons of synthetic rubber per year. 
It was laid out in three identical production lines designated A, 
B, and C. Each line consisted of 24 jacketed reactors plus sup- 
ply, circulating and overflow lines, with a total estimated volume 
of 16,000 gal; circulating-water system with two 3-stage con- 
densers, two booster condensers, with supply and return lines 
with an estimated total volume of 4700 gal; refrigerated water 


system with two aftercoolers on the 3-stage condensers, two after- 
coolers on the booster condensers, two butadiene condensers 
(shell side) and two other heat exchangers, with supply and re- 
turn lines, total volume estimated as 3000 gal. 

The deposits were essentially iron oxides and were removed 
with dilute inhibited hydrochloric acid. Approximately one 
8000-gal tank car of concentrated hydrochloric acid was required 
on each line. Three tank cars were used in the entire cleaning 
operation. It will not be necessary to describe the details of the 
work as this illustration is intended to show the large amount 
of cleaning that can be done in a relatively short time. The first 
line was cleaned between 8:00 a.m. Monday and 8:00 a.m. Tues- 
day. It was put back into operation. The second line was 
cleaned on Wednesday, and the third line was cleaned on Fri- 
day. Each line was put back into full production in Jess than 
48 hr. 

Heating System. Inan automobile plant the hot water for heat- 
ing the plant and office building is supplied by using exhaust 
steam from the forges in Alberger heaters. The heaters are ver- 
tical, two-pass, tube and shell exchangers, designed for a heat 
transfer of 60,000,000 Btu per hr at 3 psi saturated-steam pres- 
sure and a water flow of 4000 gpm. The original copper tubes 
had been replaced by Admiralty-metal tubes. It was estimated 
that this would reduce the normal heat-transfer rate from 60,000,- 
000 to 46,000,000 Btu per hr. 

Oil and grease from the forges had gotten past the oil separator, 
and the shell side (steam side) of the heaters was fouled until 
grease stood 6 to 8 in. deep on the lower tube sheet. The tube 
side was fouled with a readily soluble water-deposited scale. 

The treatment consisted of using an organic solvent to remove 
the 6 to 8-in. layer of grease on the tube side, then an alkaline de- 
tergent to remove the oil film from the entire shell side, finally an 
inhibited acid solution to remove the water scale from the tube 
side. The acid solution was circulated through the unit first in 
one direction, then in the opposite direction. The whole opera- 
tion was completed on each heater in 6 hr. Tubes later taken 
from the unit were thoroughly clean inside and out. Perform- 
ance data on both heaters are given in Table 4. 


TABLE4 PERFORMANCE DATA ON AUTOMOBILE-PLANT HEAT 


EXCHANGERS 

Outside Temp of Temp of Steam press 

temp, water to heater, water leaving on shell side, 
Heater no. 1 deg F deg F heater, deg F psi 
Ais Yan eaa65 31 145 160 2.5 
cllabee ly peeeee Cleaned unit 
Vany2O vere <-x 36 173 191 1e6 
March 138... 15 136 154 1.4 
Heater no. 2 
dkny Way soac 31 145 160 bi3. 
Feb. 18..... Cleaned unit 
March 4.... 5 146 176 1.3 
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Unfortunately, data on rates of flow of water through the units 
are not available. Before cleaning it was necessary to operate 
both units continuously; since cleaning it has not been necessary 
to operate more than one heater at any time. Also, the supply 
of steam from the boilers, which is used when the forges are not 
operating, has been reduced materially. 

Salt Manufacture. Multiple-effect evaporators are used in the 
salt industry to concentrate the salt brine. The chemical clean- 
ing of these evaporators is well illustrated by experiences in a 
plant in Michigan. The deposits in the first effect are almost 
pure calcium sulphate. Those in the second effect are mixtures 
of calcium sulphate and calcium carbonate. The deposits in the 
third and fourth effects are almost pure calcium carbonate. 
Manual cleaning generally requires a crew of 8 to 12 men to 
clean one set of pans in approximately 8 days. In chemical clean- 
ing, inhibited hydrochloric acid is added, filling to slightly above 
the upper tube sheet. Where heat is required, steam is vented 
into the solvent. Within 4 to 6 hr the third and fourth effects 
are free of scale, the second effect is almost clean, but the first 
effect. still contains considerable calcium sulphate scale. The 
tubes in the first and second effect are then turbined in 6 hr with 
a two-man crew. Salt production is increased several tons per 
day following the cleaning. 


Cost CoNSIDERATIONS 


One consideration which has not been discussed and which is 
difficult to approach satisfactorily in a general way, is the ques- 
tion of the cost of chemical cleaning as compared to the cost of 
other methods of cleaning heat-exchange equipment. Many 
factors enter into comparative costs which vary tremendously 
from one situation to another. The cost per unit depends upon 
how many units can be cleaned simultaneously by the same 
crew of cleaning engineers, and the amount and type of scale 
present. Another factor of cost to the operator is the expense 
of preparing the unit for cleaning. Here, chemical cleaning may 
offer considerable advantage by eliminating the need for building 
scaffolds, dismantling the unit, and so on. Still another very 
important consideration is the saving of time, if down time means 
the lowering of production schedules. In many instances this 
factor alone pays for the cost of chemical cleaning many times 
over. In other instances it does not represent a saving. 


CLEANING SCHEDULES 


When heat-exchange equipment is to be dismantled and cleaned 
manually, it is natural to let it go as long as possible even though 
its inefficient operation is costing dollars every day of operation. 
If the unit is going to be dismantled and cleaned manually, the 
time and cost are about the same whether the unit has 1/¢ in. 
of deposit on the metal surfaces or 4 times that much. So the 
job is put off as long as possible. 

Suppose the deposit is a calcium-carbonate scale accumulating 
at the rate of !/s4 in. every 6 months. The deposit will be 1/16 
in. at the end of 2 years. If the unit is to be cleaned chemically, 
the amount of solvent required is directly proportional to the 
amount of scale, so whether !/s in. is removed every 6 months 
during the two years, or ‘/s, in. at the end of the 2 years, the 
amount of solvent used would be approximately the same. But 
by applying one quarter of the solvent every 6 months, the over- 
all average efficiency of the unit is much greater than it would be 
if the deposit accumulates for 2 years. There are, to be sure, 
other costs for chemical cleaning than the cost of chemicals, but 
that is usually the largest single'item. 

With chemical-cleaning programs, it is well to consider the ad- 
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vantages of cleaning at intervals such that the cleaning can be 
done quickly and easily, and the unit kept at high average 
operating efficiency. When units are allowed to become badly 
fouled, tubes may become plugged and spaces between the tubes 
become packed solid so solvent cannot get to the deposit. The 
cost of chemical cleaning may appear excessive and the results 
may be unsatisfactory. Then if the operator has to dismantle 
the unit and rod-out plugged tubes and finish the cleaning job, he 
is quite likely to feel that someone has misrepresented the ad- 
vantages of chemical cleaning. 


CoNCLUSION 


It is hoped that this discussion has covered the primary appli- 
cations of chemical cleaning to heat-exchange equipment. This 
highly specialized field of chemical engineering is not a cure-all 
for the maintenance department’s headaches, but with chemical- |} 
cleaning engineers working in co-operation with maintenance |} 
men, operating engineers, water-treatment engineers, and those |} 
who design and install heat-exchange equipment, many of the |} 
existing problems can be solved. It is not a field for patent- |] 
medicine methods. Rather, it is a challenge to well-trained and | 
competent chemists, engineers, and technical-service personnel. | 
In its proper applications, it represents a new and better way of | 
doing a very old job. 
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Scale Formation and Control in Compression 


Distillation of Sea Water 


By J. J. CAMPOBASSO! ann ALLEN LATHAM, JR22 


- Various principles which have been used to combat the 
formation of scale in sea-water distillation equipment are 
outlined briefly. Data on the rate of scale formation in the 
compression type of distillation unit are presented. Re- 
sults obtained by periodic chemical cleaning and low- 
temperature operation are discussed. 


fresh water from sea water have been plagued by fouling 

of the heat-transfer surfaces through formation of scale 
ever since the earliest water stills were placed in service. Solutions 
to this problem have been made by use of several distinctly dif- 
ferent principles, or combinations of them. These principles are 
as follows: 


ree ooiee of distillation equipment for production of 


1 Periodic mechanical scale removal. 

2 Periodic chemical scale removal. 

3 Periodic scale removal by thermal shock which causes dif- 
ferential expansion between the scale and the metallic heat-trans- 
fer surfaces. 

4 Periodic scale removal by temperature change, which in- 
duces bending of the metallic heat-transfer surfaces. 

5 Periodic scale removal by pressure variation, which in- 
duces bending of metallic heat-transfer surfaces. 

6 Continuous scale prevention by vacuum operation at low 
temperatures, which completely alters the scale-forming tenden- 
cies in sea water. 

7 Continuous scale prevention by feedwater treatment. 


The scale-forming tendencies of sea water vary markedly in dif- 
ferent localities, particularly near the shore, and the chemical con- 
stitution of the impurities in sea water is so complex that there is 
often a marked variation in the chemical analysis of the scale 
from different points within distillation equipment. Conse- 
quently it is hazardous to predict the exact results which will be 
obtained by application of any of the foregoing principles. How- 
ever, practically all of them have been used successfully at one 
time or another. 


Data DerRiveD From ScaLe-REMOVAL APPLICATIONS 


The object of this paper is to present data on the results ob- 
tained through the application of some of these principles to the 
removal or prevention of scale in the compression type of distilla- 
tion equipment. This form of still was widely used during the 
war for military water supply and is now in use in several marine 
and industrial installations. All of the data reported below were 
taken on compression stills which used a short vertical tube, natu- 
ral circulation, callandria type of condenser-evaporator with 
boiling inside the tubes. 

These units were designed for periodic mechanical removal of 
scale with conventional hand or power-operated tube cleaners, 
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and the general practice was to use this method of scale removal. 
Consequently the broadest background of experience has been 
with mechanically cleaned units. Under typical conditions, a 
total operating time of 720 hr was obtained before it became de- 
sirable to shut down for cleaning. The characteristic relationship 
between cumulative output of distilled water and scale coefficient 
is shown by curve A in Fig. 1. The labor required for mechanical 
cleaning averaged about 0.4 man-hour per 1000 gal of distilled 
water. 


TEMPERATURE 
HEAT FLUX) OFFERENTIAL 
*F 


BTU HR FTE 


SCALE GOEFFICIENT 
hg BTU/ HR. FT! °F 


{°) 100 200 300 400 500 
UNIT PRODUCTION, GALLONS OF DISTILLATE 
PER SQUARE FOOT OF SURFACE 
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Curve A in Fig. 1 is for a typical run on water from the seacoast 
of Virginia where the sea water contained very little contamina- 
tion from inland water. Curves B and C indicate the results of 
special runs on different sizes of the same type of unit operating 
on water from Boston harbor. The differences between B and C 
may be attributed to the fact that unit B was run at 15 deg F tem- 
perature differential, as compared with 10 deg F for unit C. The 
disparity between curves A and B-C is probably partly due to the 
difference between contaminated harbor water and sea water and 
partly due to the difference in tube length, as shown in the follow- 
ing table: 


Tube 
Unit OD in wall, in. Length, in. 
A 3/4 0.049 221/4 
B 3/4 0.049 161/4 
Cc 3/4 0.049 161/¢ 


In all three cases the temperature of the boiling sea water was 
approximately 213 F. All of these units had been used prior to the 
test and were carefully cleaned and inspected before each test. 
For this purpose, chemical cleaning, supplemented by mechanical 
cleaning, was used. 

These curves are all based upon operation of complete full- 
scale distillation units on which it was not feasible to take such 
measurements as tube-wall temperatures. Over-all temperature 
differential and distillate production were measured and used for 
calculation of over-all heat-transfer coefficients. The resistance 
due to scale formation was assumed to account for the entire dif- 
ference in over-all resistances calculated for the condenser-evapo- 
rator in the fouled and clean conditions, according to the relation- 


ship 
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where 
U = over-all coefficient 
U, = over-all coefficient with clean tubes 
hg scale coefficient 


ll 


No attempt was made to adjust U, for variations in temperature 
different al and heat flux. 

Several different methods of chemical treatment, both continu- 
ous and periodic, were tried with varying degrees of success. One 
of the most reliable methods found was periodic cleaning with so- 
dium acid sulphate. A typical procedure for use of this chemical 
is to circulate a solution of about 2 lb NaHSO, per gal of sea water 
for a period of about 11/, hr after each 300 hr of normal operation. 
Under some conditions it has been found desirable to flush out the 
spent solution and run a second 1!/;-hr treatment with fresh solu- 
tion. This may be carried out without even cooling the equip- 
ment below operating temperature and no lost time is involved in 
restarting the unit. By this method, only about 1 per cent of the 
time is devoted to scale removal. Runs of several thousand hours’ 
duration have been made without shutdown for mechanical 
cleaning. Inhibited muriatic acid can be used in place of sodium 
acid sulphate to accomplish substantially the same results. Av- 
erage consumption of chemicals is 1.5 lb of NaHSOu, or 0.5 lb of 
HCI per 1000 gal of distillate. It has been found advantageous to 
conduct this periodic cleaning when the degree of fouling corre- 
sponds to a scale coefficient of about 1700. 


Low-TEMPERATURE OPERATION 


One of the most effective ways to prevent scale formation in 
sea-water distillation equipment appears to be operation at low 
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temperature. A trial unit was operated on sea water from Bostong 
harbor for a period of about 1200 hr, with practically no evidence 
of scale formation. As compared with normal operation at a bert 
ing temperature of about 213 F, this run was made under partiag 
vacuum to give a boiling temperature of 150 F. Although thajj 
amount of experience available on this method of scale preven 
tion in compression stills is meager, hearsay evidence on corre#, 
sponding experience with other types of sea-water stills tends 
to confirm the foregoing indication that when the boiling temperasi} 
ture is held down to 150 F, scale formation is prevented. Ali 
though low-temperature operation appears to eliminate scaléj 
formation, it permits a film of slime to form, giving a scale coef} 
ficient of about 1300, which remains constant. 


CONCLUSIONS 


1 The rate of scale formation in current models of compress} 
sion sea-water-distillation units is such that 200 to 300 gal of diss} 
tillate can be produced per square foot of evaporation surface be+} 
fore it is necessary to clean the surface. 

2 Periodic treatment with solutions of sodium acid sulphatéd 
or hydrochloric acid can be used to obviate the need of mechani 
cal cleaning. 

3 Vacuum operation to give boiling temperatures of 150 
offers a good possibility for prevention of any significant forma: 
tion of scale. | 
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Cleaning Tubular Heat Exchangers 


By P. F. DOUGHERTY! ano C. H. BROOKS,: PHILADELPHIA, PA. 


A discussion is presented covering various methods 
available for cleaning tubular heat-transfer equipment, 
with particular emphasis on the use of an emulsifying oil 
for ‘‘in-place’”’ cleaning, and on the use of sandblasting. 
The relative merits of the in-place and the mechanical 
methods are outlined as well as the factors to be considered 
in selecting a particular procedure for a given application. 


INTRODUCTION 


cv NHE cleaning methods for tubular heat-transfer equipment 
fall into two general classes. One class consists of those 
; methods which perform the cleaning without dismantling 
the equipment, by means of the circulation of a solution which 
chemically and/or physically removes the fouling material. The 
other class includes all those methods where the equipment is 
partially or wholly dismantled, and the fouling agent removed by 
a purely mechanical means. 

The adaptability of the in-place methods must be deter- 
mined by physical and chemical examination of the fouling sub- 
stance. Laboratory solubility tests must also be made of the ma- 
terial. A plant scale test under close supervision should then be 
made, if it be found in the laboratory that a significant portion of 
the fouling material be soluble. 

If no suitable method is found for cleaning in place, one of the 
various mechanical methods must be used. The selection here 
will be determined by the nature of the deposit and extent of the 
deposit, as well as other factors which will be discussed later in 
the paper. 

It is obvious that the efficiency of cleaning and the frequency 
with which it must be performed, can be determined only by 
periodic heat-transfer surveys. In many cases, however, it should 
be possible to establish certain criteria which may be used by the 
operators, without the necessity of performing a complete survey 


CLEANING IN PLACE 


In order that equipment may be cleaned in place the fouling 
material must be capable of removal by one of the following 


methods: 


1 Chemical reaction with, and subsequent solution in, an 
acidic or alkaline solution. 

2 Solution of a portion of the fouling material, i-e., a binder, 
in an aqueous cleaning fluid, thus permitting the undissolved por- 
tion to be flushed out. The cleaning fluid may be hot or cold 
water or acidic or alkaline solutions. The flushing agent may be 
the cleaning fluid used, or another liquid, or emulsifying oil. 

3 Suspension of the fouling agent in the cleaning fluid. 

4 Complete solution of the fouling agent or of the binder in 
an organic solvent. 

5 Combinations of the foregoing methods. 


1 Engineering Division, Manufacturing Department, Sun Oil Com- 
any. 

4 Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 29-December 3, 1948, 
of Tue American Socrety or MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-116. 


Our experience indicates that cleaning in place has the following 
advantages: 


1 Down time for equipment is reduced. 

2 Dismantling of equipment with resultant damage and high 
labor cost, is avoided. In those cases where tube bundles cannot 
be removed, no other methods are available for cleaning the shell 
side. 

3 Cleaning is more thorough. The solution will clean parts 
which would be difficult or impossible to reach with cleaning 
tools. 

4 Cleaning is more uniform. There are no small particles of 
scale remaining on the surface. On the contrary, mechanical 
cleaning usually leaves small particles of scale on the surface, 
which act as nuclei for the rapid formation of new scale. 

5 There is practically no loss of metal. 

6 The metal surface is left smooth in contrast to mechanical 
cleaning which frequently results in scoring which provides a 
place for lodgment of fouling material. 


As just pointed out, laboratory tests should be made to deter- 
mine the feasibility of the use of a particular in-place method. 
This work should be followed by closely supervised plant scale 
tests to confirm the laboratory results and to develop the actual 
procedure to be followed, if the method be adopted. 

Our experience has indicated that the normal procedure of 
steaming the equipment for extended periods prior to cleaning 
should not, as a rule, be followed when cleaning in place is planned. 
In one case it was found that the tubes appeared almost 
clean when the equipment was opened without steaming, whereas 
they were almost completely plugged with a rubbery mass after 
steaming for several hours. Prolonged steaming, in most in- 
stances, results in the removal of the more volatile components of 
the fouling material and the production of a residuum which is far 
less soluble than the original fouling substances. 

Prior to the adoption of an in-place method of cleaning a 
particular piece of tubular equipment, investigation should be 
made to determine the following: 


(a) Whether there be evidence of severe corrosion or deep 
pitting. The removal of the scale may uncover actual perfora- 
tions in the tubes, which are plugged with scale. 

(b) Whether, in the course of normal service, any portion of 
the tubes becomes plugged completely. If such be the case, the 
equipment must be opened and the tubes unplugged prior to in- 
place cleaning. Otherwise, the solution will be unable to contact 
the fouling material and the equipment will not be thoroughly 
cleaned. 


Solution Cleaning. The use of inhibited acid has been described 
and discussed at length by others. We have found that the use 
of this technique is most advantageous on the water side of 
coolers. It should be noted that, in at least one instance the 
fouling material was only partly soluble in the acid. The solution 
of this portion, apparently acting as a binder, permitted the re- 
mainder to be flushed out by the circulation of the acidic solu- 
tion. 

Solution of Scale Binder. The basis of this method.of cleaning 
is the solution of sufficient of the fouling material to loosen the 
remainder, at the same time that a sufficiently high circulation 
rate is maintained so that the loosened material is mechanically 
carried out of the equipment. In many cases it is advantageous 
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to intersperse a boiling of the solution, by steam applied to the 
other side of the tubes, as well as to reverse the flow of circulating 
medium. 

An alkaline solution was used to clean certain exchangers in a 
solvent refining unit, with the results shown in Table 1. An ab- 
normally high circulation rate is believed to have assisted the 
cleaning in this case. In addition, no steaming was used prior to 
cleaning. 


TABLE 1 RESULTS OF EXCHANGER CLEANING TESTS 
Solvent Gas oil- Absorp- Gasoline 
refining crude tion feed- 
unit ex- ex- oil ex- bottoms ex- 
changers changers changers changers 

Example A B Cc 
Cold end temp. difference, 
deg F: 
Before cleaning....... 185 oY 46 40 
After cleaning......... 146 Pax 2 12 
1D GS tra Os Sens pr etcicec Otek ray ie 5 30 
Hot end temp. difference, 
deg F: 
Before cleaning....... 155 a4 115 91 
After cleaning......... 94 ar 91 75 
WD ERIS cep cwietoue se epsie 0's ake Avo 38 35 
Over-all coefficient, Btu/ 
h12/ft?/deg F: 
Before cleaning....... 13.5 16 7.2 36.4 
After cleaning......... 37.0 46 30.2 SLT 
WV GSIGNY sic.cio ously slecciaal</6 42.5 Ris 3 60 
Pressure drop, pst: 
Before cleaning....... ae on ate 90 
After cleaning......... ate aoe a 20 


Another example of the efficacy of dissolving a binder from the 
fouling material is given by a set of ‘“‘gas oil-crude” exchangers in 
a catalytic cracking unit, which was fouling rapidly on the crude 
side. Steaming-out had proved insufficient to remove the fouling 
material, which was approximately 70 per cent salt, with balance 
insoluble organic and inorganic material. Circulation of boiling 
water at a very low rate produced the results shown in Table 1. 

Cleaning With Emulsifying O1l.2 The use of an emulsifying oil, 
available in our refinery, is applicable where the fouling material 
is (a) completely soluble in the oil, or (6) can be held in suspension 
in the oil, and thus removed from the equipment. 

This method was primarily developed for the cleaning of the oil 
(shell) side of absorption oil coolers. The fouling material was an 
emulsion with a greaselike consistency, composed of water, oil, 
resins, and inorganic solids. The use of heat or solvents broke 
this emulsion, allowing the resins and inorganic solids to settle out 
behind the baffles where they could not be removed by flushing 
with water or high or low-viscosity oils. Experience indicated 
that the presence of these solids accelerated the formation of the 
emulsion after cleaning. Hence a method to remove both the emul- 
sion and the solids was required. Experiments indicated 
that mixing concentrated emulsifying oil, i.e., without dilution 
with water, with the fouling emulsion and then heating to obtain 
the desired fluidity, would permit these objectives to be attained. 

After isolation of the equipment, the oil (shell) side was filled 
with emulsifying oil. The oil was heated to approximately 150 
F and circulated until the:e was no change in the appearance of 
material entering the circulating tank. Circulation was then 
stopped, and the contents of the shell heated until_a pressure of 
50 psig was reached. The contents of the shell were then blown 
through the drain valve into the circulating tank. After washing 
with water, the unit was drained and returned to service. The 
improvement is indicated in Table 1. 

Substantially the same procedure was followed in cleaning the 
feed-bottoms exchangers on a light gasoline-distillation tower, 
with the result shown in Table 1. 


2 The use of emulsifying oil as a cleaning agent for tubular equip- 
ment 1s covered by an application for U. S. letters patent. 
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MEcHANICAL CLEANING 


When the various in-place methods prove to be inadequat ‘ 
resort must be made to the mechanical methods which inclusg) 
the following: 


(a) Lancing with air, steam, or water. 

(b) Drilling or “rodding” the obstructive material from t. 
tubes. 

(c) Sandblasting. 


All of these methods require that the exchanger be at leabg 
partially dismantled for cleaning, as distinct from the in-play i 
methods, where any dismantling is only for inspection purpose 

The selection of the method depends upon the nature of t 
fouling material. It should be noted that it is decidedly adva. 
tageous to steam both the tube and shell sides for as long as ti | 
will permit, prior to mechanical cleaning. This steaming remov}q 
the tarry or oily components of the fouling material, thus inf 
creasing the effectiveness of a given cleaning method. 

The discussion which follows is confined to cleaning the “tube 
side of tubular heat exchangers. 

Lancing. This general method employs a relatively smat 
high-velocity jet of steam or air and occasionally water. It |f 
applicable only when: (a) a low percentage of the tubes are con 
pletely plugged; (b) the fouling material is not tightly bound 
the tubes; and (c) the fouling agent is not of a gummy or tart 
nature. | 

Drilling and Rodding. Drilling and rodding consist of forci Hf 
a closely fitting rotating drill or a closely fitting rod through t i} 
tube. These methods are used when: (a) a high percentage of thi 
tubes are completely plugged, (6) preliminary steaming leavg 
considerable tarry or gummy material in the tubes, or (c) if tht 
fouling material is tightly bound to the tubes (drilling only). 

These two methods have certain serious disadvantages whia#! 
are common to any method, e.g., wire-brushing, which in essenq}! 
scrapes the fouling material from the surface. These disadvan} 
tages include the following: 


(a) Excessive down-time and labor costs. 


(b) Frequently a necessity for removing the tube bundle bé 
fore it can be cleaned. j 


(c) Metal loss as a result of cleaning is excessive and/or 
evenly distributed. Scoring of the tubes, which sometimes occur} 
seems to accelerate the fouling rate. 

(d) Small amounts of the fouling agent are left on the tub] 


surface, which act as nuclei for the rapid build-up of the foulixa} 
agent. 


Sandblasting. Sandblasting can be used to clean the inside df 
either steel or admiralty tubes when the fouling material is naj 
removable by any of the previously discussed methods. Suc} 
fouling material, in most cases, is composed of mixtures of tar] 
resins, inorganic solids, and carbon. Its physical and chemics} 
nature is such that an insufficient amount will dissolve in any 4] 
the solvents or solutions previously outlined to permit the sca 
to be removed. 

The procedure which has been followed successfully, with 
measurable metal loss, is as follows: 


(a) After isolation and draining of the exchanger, it is steame# 
for at least 6 hr, and longer if possible, to vaporize, or solidify an 
oily, tarry, or gummy materials. Otherwise, the sand will tent! 
to stick to the surface, thus reducing its effectiveness. i 

(b) The exchanger is opened and any plugged or partial] 
plugged tubes are opened by lancing, drilling, or rodding. To us| 
the sandblast method effectively, an opening through the ential] 
tube length, large enough to allow free passage of sand, is 2 
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quired. In general, the harder or more brittle the scale, the 
smaller may be the opening. 

(c) Sandblast the tubes. It has been found that ordinary 
labor, with reasonable care, can perform this operation satis- 
factorily without special equipment. 

(d) Excess sand is blown from the tubes, the tubes inspected, 
and the unit closed and returned to service. 


It should be emphasized that we have not found a measurable 
metal loss in a sandblasted tube. Sandblasted tubes have been 
removed from bundles, split longitudinally, and found to have a 
wall thickness over their entire length which was within normal 
manufacturing tolerances, 
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It is our opinion that the heat transfer in a sandblasted tube 
equals that for a new tube. In addition, qualitative, and scanty 
quantitative data indicate very definitely that, in many cases, the 
fouling rate is less for a sandblasted tube than for one cleaned by 
more conventional mechanical methods. This is believed to be 
due to the perfectly clean surface which is produced. 

In our opinion, sandblasting as a supplementary procedure, 
should be considered when rodding, drilling, and other processes 
are the primary cleaning methods required. The reduction in 
fouling rate due to the complete removal of scale of course must 
be balanced against the additional cost, due to longer down time, 
and greater man-power requirements, as well as the necessity for 
additional cleaning equipment. 


Fouling Rates and Cleaning Methods in 
Refinery Heat Exchangers 


By R. C. BUTLER! anv W. N. McCURDY, JR.,1 LINDEN, N. J. 


The three phases of heat-exchanger operation and main- 
tenance which are covered in this paper are: rate of fouling 
(operating data from exchangers in various refinery serv- 
ices are used to correlate rate of fouling with time); re- 
duction of fouling (the use of pressure and temperature 
control, blanketed feed tankage, feed stripping, and in- 
jection of additives as means to reduce fouling rates is 
discussed, as well as results obtained by refineries); clean- 
ing methods (the mechanics and effectiveness of some 

methods of cleaning heat exchangers are discussed, 
the methods described being sandblasting, mechanical 
cleaning, and chemical cleaning). 


INTRODUCTION 


OULING of exchangers and other refinery equipment costs 
Breiner considerable sums each year in decreased capacity 

and lost heat, in addition to the actual cost of cleaning the 
equipment. Refinery experiences with rates of fouling, means of 
reducing fouling rates, and methods of cleaning exchanger equip- 
ment in various services are studied in determining the correct 
equipment design for new plants, and in solving fouling problems 
in existing plants. 


CoRRELATION OF FOULING RESISTANCE WitH TIME 


Since the economic optimum amount of heat-exchange surface, 
and the choice of providing block valves and by-passes to permit 
cleaning during plant operation are functions of the amount of 
deposits to be expected from the fluids undergoing heat exchange, 
it is essential that the designer have an idea of the rate at which 
the deposits will form under various conditions. To obtain this 
information, operating data from exchangers in various refinery 
services have been used as a basis for correlating fouling resistances 
with time. 

Since it was not possible to determine from the data the exact 
amount of fouling occurring on each side (shell side or tube side) 
of the exchanger, a proportional amount of fouling was assigned 
to each side dependent on the appearance of the exchanger when 
it was taken down for cleaning. In most of the exchangers the 
fouling was almost entirely on one side only, and for the less dirty 
side, unless otherwise mentioned, the fouling has been assumed 
to be equivalent to a heat-flow resistance of 0.002 at the end of a 
run. Heat-flow resistance is the reciprocal of heat-transfer co- 
efficient. The units are (hr) (deg F) (sq ft) /Btu. 

The fouling curve shown in Fig. 1 is for a pipestill exchanger in 
which a heavy naphtha sidestream is being used to heat whole 
crude from 130 F to 180 F. It illustrates the small amount of 
fouling material which deposits out when the temperature is be- 
low the point where water in the crude will vaporize. The start- 
ing point on the graph is 21 months after cleaning. At the time 
the last data were taken the exchanger had not been cleaned for 


1 Process Engineer, Standard Oil Development Company. 

Contributed by the Heat Transfer Division and presented at the 
- Annual Meeting, New York, N. Y., November 28—December 3, 1948, 
of Tur American Society oF MrecHAnicaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-117. 


OVERALL FOULING RESISTANCE 
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1 CorreELaTIon or Foutine Resistance WitH Time, PIPr- 
STILL ExcHANGER, Heavy NaAPpHTHA—WHOLE CRUDE 
(Feed in tube side heated from 130 F to 180 F.) 


36 months, and the coefficient of heat transfer was only a few per 
cent lower than immediately after cleaning. 

Fig. 2 shows the fouling curves for a furnace oil reflux-whole 
crude exchanger on a crude pipestill over two 3-month periods. 
The fouling shown here, as in all of the figures, is over-all fouling, 
i.e., the sum of the shell-side and the tube-side fouling. Inspec- 
tion after a run showed that the shell side (furnace oil reflux) was 
essentially clean, and most of the fouling had occurred on the tube 
(crude) side. The shell-side fouling resistance is assumed to be 
0.002 after 6 months. Here the feed is being heated from 275 F 
to 330 F, and it fouls much more rapidly than it did at the lower 
temperature in Fig. 1. Although pressure is being held on the 
crude to prevent vaporization, some of the water in the crude 
flashes off at these temperatures, leaving a salt deposit in the ex- 
changer tubes. 

The two curves in Fig. 3, for a light gas oil to flashed crude ex- 
changer, in which the flashed crude was heated from 315 to 355 
F, show a decrease in fouling rate as compared to the whole- 
crude exchangers in Fig. 2. Flashed crude is whole crude which 
has been passed through a flash drum at reduced pressure (about 
35 psi), where most of the water in the crude is flashed off. 
Following the flash drum, the salt in the flashed crude becomes 
practically dry, with the result that salt deposition at ascending 
temperature in hotter exchangers is minimized. It may be noted 
that after 3 months of operation, this exchanger showed an over- 
all fouling resistance of 0.0085, as compared to a value of 0.0250 
after 3 months for the whole-crude exchanger just ahead of the 
flash drum. 

Curve A in Fig. 4 shows the rate of fouling for this same 
flashed-crude stream as it is being heated on to 450 F by reduced 
crude. The fouling rate in this exchanger is slightly higher than 
it was for the light gas-oil-flashed crude exchanger because the 
temperature of the flashed crude is higher. This exchanger was 
on stream for slightly more than 8 months before cleaning 
was necessary. 

Curve B in Fig. 4 shows considerably less flashed-crude foul- 
ing than either Fig. 3, or curve A in Fig. 4, although the tem- 
perature (480 F outlet) is higher. This probably is due to de- 
creased salt deposition, since the residual water present in the 
crude after leaving the flash drum is largely flashed out by the 
time the flashed crude is heated to this temperature. In the re- 
duced-crude exchangers, the reduced crude (about 0.98 specific 
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OVERALL FOULING RESISTANCE 
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Fig. 2 Correvation or Foutine Resistance With Time, PIPE- 
strnL Excuanepr, Furnace O1t—WHOLE CRUDE 
(Feed in tube side heated from 275 F to 330 F.) 
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STILL ExcHANGER, RepucED CRUDE—FLASHED CRUDE 
(Flashed crude in tube side being heated.) 


gravity at 60 F), which is being cooled, although it is a heavy oil, 
fouls only slightly In general, it has been found that liquid 
heavy oils when below their coking point do not foul appreciably 
upon being cooled. 

The three runs shown in Fig. 5 are representative of the 
fouling rate of a gas-oil feed which is being heated from 100 F 
to 200 F. These graphs indicate that this comparatively light 
gas-oil stream actually fouls more than heavier streams at higher 
temperatures. 

Fouling in this case was caused primarily by the presence of 
dissolved oxygen in the feed stock which is pumped from open 
tankage. Where the feed tankage cannot be inert-gas-blanketed, 
stripping the feed stock to remove dissolved oxygen or the use of 
additives to control gum formation, as described in a later section, 
may be desirable. 

The fouling curve for a slurry-feed exchanger on a catalytic- 
cracking plant is shown in Fig.'6. Here, as in Fig. 5, the fouling is 
believed to be due primarily to the presence of dissolved oxygen 
in the feed stock, which is heated from 185 F to 360 F in the shell 
side of the exchanger. The tube catalyst-in-oil (slurry) side of 
this exchanger does not foul appreciably in operation. The 
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absence of fouling on the tube side is believed due to the scouring }}} 
action of the slurry. It should be stated that in recent opera- || 
tions, as the slurry temperature has been increased to values of | 
675 to 700 F out of the desuperheating section of the tower, some ||| 
difficulty with coke deposits on the tube sheets and in the tubes ; 
of the exchangers has been experienced. | | 

Fig. 7 shows the fouling in one of the lean oil-fat oil exchangers || 
at a gas-absorption plant. This particular exchanger was on | 
stream for slightly over 21 months between cleanings. By the ||} 
end of that time the fouling resistance had become 0.070 and the i] 
over-all coefficient had dropped to about 40 per cent of the value i} 


immediately after cleaning. 


REDUCTION oF FOULING 


In this portion of the paper, experiences by refineries with 
various fouling services, and the methods used to reduce the || 
fouling are described. The methods used in one case may not 
apply directly to another case. Use of laboratory facilities to | 
determine the nature of the deposits is desirable. 

Fouling From Caustic Soda. The feed preheater of an isobutane 
tower was fouling. Analysis indicated caustic-soda deposits. || 
Local water washing of the light hydrocarbon feed stream greatly | | 
decreased the rate of fouling. 
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Fouling From Salt in Crude. Salt deposited from crude, due 
primarily to vaporization of the water, has been a cause of de- 
creased heat exchange and increased pressure drop in exchangers. 
Settling in feed tankage is desirable to reduce the quantity of salt 
solution, but is not economical beyond a certain point owing to 
the tankage required. Desalting by mechanical separation, such 
as brine addition to the crude to secure coalescence, followed by 
settling, or water addition followed by bed filters, is an accepta- 
ble process for some crudes. Good results may be secured by 
electrical desalters. Competition is resulting in decreased costs 
of the electrical method. 

In view of the initial investments and operating costs involved 
in designs for new plants, studies must be made to determine if 
desalting equipment should be provided, or if pressure-tempera- 
ture control of the crude is the economic choice. The latter 

method has been used in a number of refineries. Sufficient pres- 
sure is imposed on the crude to minimize vaporization of water 
_ and consequent salt deposition in the heat exchangers preceding a 
flash drum. When the crude has been preheated to a tempera- 
ture of 300-350 F, the pressure is reduced immediately preced- 
ing the drum, and in the drum a large portion of the water is 
vaporized. Hot feed pumps are then used to pump the flashed 
crude through the subsequent exchangers and the furnace. By 
this procedure the fouling which otherwise would occur is greatly 
reduced. Calculations and refinery experience have been used 
in determining the optimum pressure-temperature relationship. 

Fouling From Leached Brickwork. In an isobutylene-extraction 
plant, the sulphuric acid was being reconcentrated at about 300 
F in a brick-lined concentrator. Subsequently, acid is mixed with 
hydrocarbons. Heat of reaction is removed by emulsion coolers. 
The coolers fouled so seriously that cleaning was necessary every 

2 to 3 weeks. Analysis of the deposits indicated iron and alu- 
minum salts resultant from leaching of the brickwork and from 
corrosion products. Emulsion velocities in the tubes were not a 
factor, as in test equipment fouling occurred at emulsion veloci- 
ties of 16-18 fps. Reynolds numbers were about 2 cycles above 
the transition region. After equipment was installed to permit 
vacuum concentration of the acid at about 175 F, fouling of the 
exchangers greatly decreased and the interval between cleanings 
was extended to more than 3 months. 

Fouling From Oxidation Products. Plant feed streams which 
previously have been processed, such as gas oils and naphthas, 
readily pick up oxygen in tankage. These streams deposit gums 
on the heat-exchanger surfaces, particularly when being heated 
through the region from 250 F to 450 F. In a hydroformer plant 
running a 200 F-270 F boiling range naphtha, it had been neces- 
sary to clean the feed exchangers every several wéeks, as the pres- 
sure drop would increase to 100 psi during that time. To im- 
prove this situation, natural gas was used to blanket the feed 
tankage, and as a result it was feasible to extend the interval be- 
tween cleanings to 60 days. 

In some cases the feed to a unit consists of several mixed 
stocks, and blanketing of all feed tankage is not practical. 
Further, experience has indicated that blanketing with natural or 
inert gas is not totally effective, nor is the use of floating roof 
tankage. Stripping the unit feed, as it is charged to the unit, 
with an oxygen-free gas, including steam, is effective. 

In determining if stripping is desirable,” the potential gum 
content and the oxygen content of the oil feed are important fac- 
tors. The combination of these factors is an indication of the 
fouling tendency of the feed. The amount of deposit resulting 
from passing a sample of the feed through a glass coil submerged 
in a hot oil bath is a dependable means of determining if fouling of 


2 “‘Non-Fouling Refinery Charge Stocks,” by L. F. Schimansky, 
Petroleum Refiner, vol. 25, no. 12, 1946, pp. 119-121. 


the plant heaters would be expected, and if feed stripping should 
be considered. 

Relative to oxygen content, it was found that naphtha and 
gas oil in normal refinery handling could dissolve oxygen readily 
up to about 0.002 per cent by weight, and tests showed that this 
amount of oxygen would cause severe fouling. If the oxygen con- 
tent is reduced to below 0.001 weight per cent in an oil, otherwise 
free from gums or sediment, little difficulty will occur from ex- 
changer fouling. In one gas-oil-feed stripper, 24 ft of °/sin. 
Raschig rings were used. Stripping with 10 to 20 cu ft of natural 
gas per barrel of feed reduced the oxygen content from 0.002- 
0.005 weight per cent down to less than 0.0004 weight per cent. 
Prior to stripping, it was necessary to reduce the unit feed rate 
at the end of a month due to pressure-drop limitations. After 
the feed stripper was put in service, the first year’s operation 
resulted in negligible exchanger fouling. 

Use of Bleed-Off in Recirculating Systems. In one type of gas 
absorption plant, the absorption oil consists mostly of recircu- 
lated oil, with small percentages of make-up oil as required. 
Lean (low-vapor-pressure) oil is contacted with wet gas, the 
heavier components of which are absorbed. The enriched oil is 
then passed through heat exchangers to stills where the absorbed 
gases are removed and recovered. The hot stripped oil is re- 
turned through heat exchangers to the absorption tower. Con- 
siderable fouling difficulties are often experienced in this type of 
recirculating absorption plant. Extensive laboratory and plant 
studies have been made. The fouling compounds form as a result 
of thermal oxidation of the unsaturatesin the incoming-gas stream. 
The oxidation is stepwise. In the intermediate stages of the 
oxidation, the partially oxidized materials are soluble in the ab- 
sorption oil and have similar distillation characteristics, which 
makes it difficult to separate them by distillation. These par- 
tially oxidized materials are readily soluble in concentrated sul- 
phuric acid but not in caustic. As oxidation progresses, ma- 
terials are formed (probably salts of organic acids or resin) which 
precipitate and adhere to metallic surfaces, particularly to the 
heating and cooling surfaces of the exchanger equipment. 

Studies indicated that fouling was materially reduced by the 
following: 


1 Eliminating oxygen or unsaturates from the system. 

2 Contacting the recirculated absorption oil with concen- 
trated sulphuric acid to remove the partially oxidized materials. 

3 Maintaining a high make-up rate and discard of absorption 
oil to remove the partially oxidized materials before the oxidation 
has progressed to a point where precipitation takes place. 


The refinery found that it was not economically feasible to 
remove oxygen or unsaturates owing to the large amount of 
equipment and chemicals required (about 25 lb of sulphuric acid 
per bbl of oil). Contacting the absorption oil with strong sul- 
phuric acid to remove the partially oxidized materials was effec- 
tive but expensive. For this particular refinery, it was feasible 
to use the third method of a high make-up and discard rate, since 
the discarded oil could be used efficiently as reflux in an adjacent 
pipestill. The discard rate is 700 bbl per day. It should be 
mentioned that the use of inhibitors was not successful. 

Use of Additives. No definite information is available on the 
efficacy of adding gum inhibitors. It is reported that one 
company, by the injection of an inhibitor, secured reduced 
fouling of the feed side of the slurry-feed exchangers of a 
catalytic-cracking plant. 

Addition of Chlorine to Cooling Water. Coolers and condensers 
foul on the water side causing increased pressure drops, inability 
to pass sufficient water through the exchangers, and decreased 
heat-transfer coefficients. Frequently fouling is due to algae 
growth. The algae growth adheres to the tube walls and forms a 
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structure for the accumulation of silt. Control of the marine 
growth also is desirable relative to the performance of cooling 
towers. Various chemicals, including discarded sulphuric acid, 
copper sulphate, sodium hypochlorite, and chlorine have been 
employed to control bacteria activity and marine growth. Of 
these chemicals, chlorine is considerably preferable. Heat- 
transfer coefficients before and after chlorination for a shell-and- 
tube-type overhead naphtha condenser at a catalytic-cracking 
plant are indicated in Table 1. 


TABLE 1 EFFECT OF CHLORINATION 
After chlorination———, 


— 


Before chlorination 


= 


Days since Btu/- Days since tu/- 
cleaning (hr sq ft deg F) cleaning (hr sq ft deg F) 
0 42 0 43 
8 30 16 36 
53 25 36 41 
100 23 64 42 
153 22 : 112 41 


From Table 1 it can be seen that there was practically no de- 
crease in the heat-transfer coefficient during 4 months when the 
water was chlorinated. The water velocities in the tubes normally 
are3to5fps. Experience before and after chlorination in various 
refineries has shown that, in general, the benefits to be derived 
from chlorination justify the investments and operating costs 
necessary. New refineries usually include chlorination facilities, 
and in many existing refineries means of chlorination have been 
installed. In recirculated water systems, chlorine is added con- 
tinuously to result in a residual chlorine content (in the water 
returning to the cooling tower) of 0.5 to 1 ppm. In once-through 
systems (such as salt-water systems) satisfactory control and 
economy of chlorine are obtained by intermittent injection. 
During the injection period of about 1 hr every 8 hr, sufficient 
chlorine is injected to result in about 1.5 ppm residual chlorine. 

pH Control of Cooling Water. In recirculated (cooling-tower) 
water systems, the formation of carbonate scales may occur. 
Salt deposits of this type may be controlled by the addition of 
various chemicals. One refinery employs caustic and Hagan 
phosphates. Another has found that sulphuric acid is better for 
its type of water. In general, control of pH to a value of about 8 
is desirable to control salt-scale formation. 


CLEANING Mrtuops 


Tube bundles are cleaned in place, and by withdrawing them 
from the shell. When the outsides of the tubes are to be cleaned, 
in-place cleaning requires the circulation of a solvent. Solvent 
circulation has limitations, since the correct fluid must be circu- 
lated to secure effective cleaning. Usually, a local or portable 
tank and pump and connecting lines are required. The major 
advantage frequently is that this method reduces down time of 
the plant. An extra 6 to 12 hr down time of a large plant will 
mean considerable monetary loss. Another advantage is that 
usually cleaning in place is less expensive with regard to labor and 
material costs. The disadvantage of solvent in-place cleaning is 
the uncertainty of results. When the inner surfaces of the tubes 
are to be cleaned, in-place cleaning may be done using either 
mechanical or chemical means. 

When tube bundles are cleaned by withdrawing them from 
the shell, the plant down time may be kept to a minimum by 
having a spare tube bundle ready to install in the place of the 
dirty one. The fouled bundle then may be cleaned locally, or 
transported to a cleaning shop. Many methods are used for out- 
of-shell cleaning. These methods include mechanical cleaning 
with cleaning bars, scrapers, rods, drills, and brushes; also in- 
cluded are cleaning by immersion in a tank of solvent, sandblast- 
ing, the use of hydraulic jets or steam jets, and controlled burn- 
ing when the deposit is mostly carbon. The choice of in-place or 
out-of-shell cleaning depends upon the nature of the deposit, the 
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degree of success with the method when previously used, and the 
local preference of the cleaning-gang foreman and supervising per 
sonnel. 

One refinery has classified deposits into seven types, and 
employs a recommended cleaning method for each type, as indi 
cated in Table 2. 


TABLE 2 TYPES OF DEPOSITS AND CLEANING PROCEDURES 


Recommended cleaning procedure 
Contact with 90-98 per cent sulphuric acid in 


Type of deposit 


Diolefin polymer on steel- 


PabeMbuRals vat for 2 hr at 175 F-200 F; follow by cold. 


water wash 
Soak in circulating hydrocarbon solvent at 
elevated temperatures 

Soak in hot gas oil (6-8 hr), followed by 8 hrin 


Residuum or tar........... kt 
High carbon low oil 14 


Fee earners, 2 0.5 per cent water solution of Oakite Railroad 


Cleanser; final removal by 175-psi water jet 
Soak in 98 per cent sulphuric acid at 150 F,)9 
followed by water wash; finally soak in|} 
0.5 per cent water solution of Oakite railroad |§ 
cleanser | 
Inhibited HCl followed by soaking in 0.5) 
per cent Oakite Railroad Cleanser at 210 F for 


Low carbon high oil content 
on steel-tube bundle..... 


Iron, sulphur, carbon 


Aepositsiss fae cme eee lec 12-18 hr 


Varsol (hydrocarbon solvent) at atmospheric} 
Butylorup bere a jitters { pressure | 


{ee HCl at 100 F to 150 F for 2-6 hr;} 


Water seales.........+..+45 periodic addition of acid if necessary 


A study of this refinery’s recommended methods indicates that | 
the principles may be used for either in-place or out-of-shell | 
cleaning, with the exception of the use of water jets. 

For out-of-shell cleaning of nonferrous bundles, one refinery | 
prefers acid-pickling for general use. The acid bath consists of | 
3000 gal of hot salt water and 800 gal of 35 Bé sulphuric acid, i.e., | 
a 10 per cent concentration of acid. Tube bundles are im-| 
mersed in this bath for a period of 16 hr during which time the | 
bath is kept at 150 F by steam heat. Bundles are then washed | 
with water to remove acid. On one test the interior of the tube | 
bundles after immersion and wash showed 75 per cent bright metal | 
exposed. It costs approximately $150 to clean a 400-sq ft bundle |}} 
by this method, exclusive of removal cost. 

Metal loss based upon weighing two pieces of Admiralty metal |} 
tubing, one new and one used indicated a metal loss of 0.0042 
grams per sq in. when immersed in the same acid as the bath for 24 |} 
hr at 160 F. i} 

Some refineries have found crude sodium sulfonates effective |}j 
as cleaning agents. With sulphonate detergents, in-place cleaning || 
may be used. The emulsifying agent is effective in cleaning ex- 
changers and other equipment which are fouled with oil, oily resi- 
dues, or deposits composed of carbon or mineral matter bound by ||} 
oil or oily residues. In general, the crude sulphonates are mixed || 
in varying concentrations with water containing 2 or 3 per cent 
sodium carbonate and circulated through the equipment. (The ||| 
crude sulphonates are produced as a by-product from residual |} 
acid oil remaining after heavy acid treatment of a coastal distil- ||| 
late phenol extract. The residual acid oil is neutralized with — 
sodium hydroxide at 210 F, and the crude sulphonate, composed 
of approximately equal. parts of oil, water, and sulphonates, is ||| 
separated from the bulk of the oil by the addition of 5-10 per cent, || 
of water.) The refineries feel that considerable savings are ef- || 
fected by the use of this method because it eliminates removing 
the tube bundle and the resultant down time. 

In-place cleaning by the solution method has been tried but 
has not proved satisfactory in all cases. Before in-place cleaning 
is attempted, it is necessary to have a thorough knowledge of the 
exact deposit to be removed. A comparison of solution cleaning 
and mechanical cleaning would favor the solution method, assum- 
ing the solution employed was effective. 

Scale deposits from cooling water are removed readily by in- 
place solution-cleaning methods. Either an outside company 
or the refinery facilities may be employed. The method is to 
circulate inhibited HCl at about 150 F through the tubes of the 
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condenser or cooler. This is continued for from 2 to 6 hr, or until 


s 
CO, evolution is small. After the acid treatment, water wash is gx : 22% ge eS 
employed. <a a ety ce lé ae Bgrs 
During comedown of a plant, it is sometimes possible to accom- =) £é28 Bet egss 8 S 
plish partial cleaning by circulating a hot fluid having solvent BP is ecaton cla 2° Sk ° 
action through the exchangers before they have cooled off and Os. ere aos Bae s 
the deposits become dry. ei i 
Means of out-of-shell cleaning which employ hydraulic jets 
and controlled oxidation of the carbon deposits have not been in- a gt BE: S 
vestigated completely. One refinery reports that 300 to 400-psi 5 See Bae te 
water jets do an excellent job of outside tube cleaning. The ex- % be Ss ces B20 g % as 
changer bundle is placed on a car and moved slowly on tracks past a & $e " Sok = 8 a Se Se 
the high-pressure water jets. Another refinery has reported suc- Q B84 ee Nee 8 S88 
cessful cleaning of a tube bundle covered with hard thick coke. 2 6 ro =a 
The bundle was moved into an oven, and the carbon burned off 4 
successfully. It is indicated that careful control of oxygen and a ae os 
burning rate will be necessary when the burning method is re- a SS oF 3 Bs ESE SPs 
sorted to. f° budge de gots oe gs ZRS 
Sandblasting is a cleaning method which is finding increasing 2 Poi ZE aS com a 
5, 80 tal a o 
favor. It may be used to clean the inside of the tubes of an in- cies th pe eae Ns 
place bundle, or either side of the bundle when it is withdrawn ae Os | ag 2 Qs 
from the shell. It is faster and more effective than the old o . ie Shaan 
method of washing with hose streams, punching, and drilling. q 2 a5 3 
A good sandblasting job on a badly fouled bundle will clean the 5 52 23 aes © ce 85 z 
unit so effectively that it will perform like new. Sees ee aes E Beer a 
A sandblast team normally consists of two men, i.e., a nozzle- is Po Bee was g be 2 a co 
man and a machine attendant. Two or more teams can work fe ea oe Ge ceo eae ca 
effectively on one exchanger bundle without interference. A - at os ie 233 Siek 8 
team can be taught the fundamentals within a few hours, and SB ae bass §5 3 
within a few days the average man will be well qualified. No & os _ 5 
special skills are prerequisite for the training of sand blasters and et - = seco 3, 22 ‘ 
these men are obtained from the labor gangs. Feo 23 5 eae ae Bees Sas $ 
The nozzle is usually held from 2 to 14 in. from the object to be oor ee ies gone eae 8 Sx - 
blasted. Experience indicates the proper “shooting distance.” ae ye 3a Sai oe 5 
A sweeping rotary motion is generally employed until bright ee g3 a Tn. & 38s a 
metal appears. In cleaning the internal surface of exchanger re as BoES Byer i) 
tubes, the nozzle is placed at the end of the tubes so that the bore au [ A 3 E 
of the nozzle is concentric with the inside diameter of the tube. - 2 g vooee 2s 
Experience has shown that it is seldom necessary to blast from eH. 38 a= Ze ENS Sx oa 
. Be, 0 QO Ss SiO eos a Qeedt OPaG o 
both ends of a bundle to remove all foreign matter. It is im- A ses S7e gene |SoSE Bohs 2 
portant that coke and carbonate-type scales be dry to prevent ur a2 = = 3 4 & & 
plugging. When a tube is plugged, as sometimes happens, the cS gsm ped ae 3 ss os a.) 
sand can usually be removed by air pressure, punching with a rod, 2 ay Gots BIBS & 
or, in rare cases, drilling. Weather conditions have little effect on aie A ie ae OR e 
operations, but it is mandatory that the abrasive be thoroughly S 2 g 
dry and the object to be blasted reasonably dry. ie oe = z ot oP as, 85 Bes 
An average of one hundred 5/;in-OD X 16-BWG xX 144-in. qd gee S SB ean e B08 5 N1oS & 
tubes (on square pitch) can be cleaned by a two-man team in 1 0 & = aes £ mf ts BES ibco 5 
hr. The length of a tube does not greatly influence cleaning S ae Sed Ss a 3 
time in so far as internal surface is concerned. on e Ft ® ee 3X2 P| 
The abrasive recommended for optimum results in cleaning ex- x ; fy ie ee ago8 z gv a 
changer tubes, internally and externally, is a sharp, angular sand 3 : Sie caters ge BE OSS A 
equal to washed Colorado River (Texas) sand which is screened i : ncshome ark : Bees a 
through a !/.-in. mesh. All sand must be thoroughly dry to re- 3S : ; = Screen : : BL S 
duce the inherent tendency of the hose to plug. A gas-fired Ree cas a eee oe ; . 
rotary-kiln drier may be used, and the dry sand stored in hoppers : see eiorgee Pee hg 
for distribution. The practice of using reclaimed sand is not : oe ean on Pers) ea = B 
generally permitted owing to the presence of carbonates, oxides, : E g ee Drie : 3s = ne 
sulphides, oil, and coke. Compressed air at about 100 psi is used pee eS pee tees Bots 8 Pe 
5 @ RM ais) Cavan : 3 AaNe ical 
at the rate of 200 cfm per team. ey ee ee 22S Bo 
ite See! aoe a oe 58-4 “ta 
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data relative to fouling rates used in the paper. 


Rates of Fouling and Cleaning of Unfired 
Heat-Exchanger Equipment 


By J. H. WEILAND, JR.,! R. C. McCAY,? anv J. E. BARNES! 


This paper presents heat-exchanger performance data 
and describes exchanger cleaning procedures during the 
period 1943-1947 at the Port Arthur Works of The Texas 

Company. The performance data are presented in the 
form of tables and graphs which show the rates of over-all 
heat-transfer and exchanger fouling, and the changes in 
these rates after bundle cleansing. 


_ JN an effort to provide useful data on fouling and methods of 
cleaning of unfired heat-exchange equipment, data were de- 
veloped from test runs and survey periods. The types of 
heat-exchange services which were considered are as follows: (1) 
Cycle fuel-oil-heated naphtha reboilers; (2) depropanizer reflux 
condensers; (3) absorption oil coolers; and (4) gas oilcatalyst 
slurry exchangers. 

The operating data and the calculated values of the heat duties, 
over-all heat-transfer coefficients, film resistances, and total 
fouling resistances are presented in Tables 1 to 4, inclusive. 

Graphical presentations of the over-all heat-transfer coefficients 
and fouling resistances are shown in Figs. 1 to 4, inclusive. In 
all cases, only data with comparable operating conditions were 
used. The flow rates and entering temperatures, as well as unit 
conditions, were maintained as constant as possible throughout 
the report data. All calculations were made on the basis of cor- 
relations available to the authors’ company. 


Types or FouLING 


A brief discussion of the types of fouling in each of the services 
mentioned is given as follows: 

Cycle Fuel-Oil-Heated Naphtha Reboilers. Inside the tubes, 
coke is deposited in loose form, and usually may be removed by 
punching, blowing, sandblasting, and washing. The shell-side 

deposit is usually not heavy and does not result in plugging be- 
tween tubes. Water which may enter the shell side of the reboil- 
ers has caused rust formation. 

Depropanizer Reflux Condensers. The insides of the tubes re- 

“main fairly clean as long as sufficient clean water is available. 
During prolonged periods of dry weather the sediment content 
of the cooling water’ increases, resulting in additional tube-side 
fouling. Light hydrocarbons leaking into the cooling-tower re- 
turn streams give rise to a stable emulsion which tends to plug 

‘the tubes. This is usually removed by washing each tube indi- 
vidually with a stream of high-pressure water. 

The shell-side deposit consists of a loose flaky scale, composed 
mainly of metal sulphides. Although fairly easily removed from 
the outside of the bundles by washing, the scale plugs the spaces be- 
tween the tubes and must be removed by hand-scraping methods. 

Absorption Oil Coolers. The sediment deposits in the tubes are 
usually removed by washing each tube separately with a stream 


1 The Texas Company, Port Arthur Works, Port Arthur, Texas. 

2 The Texas Company, New York, N. Y. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 28—December 3, 
1948, of Tar Amprican SOCIETY OF MecHanicaL ENGINEERS. 

’ Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-112. 


of high-pressure (150-psi) water. The shell-side fouling material 
is a loose scale which is removed to a large extent by washing, and 
the remainder is removed by scraping. The shell sides of the bun- 
dles are washed with water one time between semiannual test 
and inspection down periods. This prevents the scale from 
plugging between the tubes. 

Gas Oil-Catalyst Slurry Exchangers. The fouling material on 
the shell side of the bundles consists of a viscous gummy sludge 
which is held tenaciously to the surfaces of the tubes. This 
sludge is acidic in nature, but if washed with caustic solution, 
the acidic components are neutralized, and the sludge disperses 
into hard particles which may be removed by caustic circulation 
and subsequent water washing. If the sludge is allowed to re- 
main on the tubes over an extended period it tends to harden and 
seemingly is more difficult to remove by caustic washing. The 
practice at the Port Arthur Works is to caustic-wash at monthly 
intervals. 


CLEANING PROCEDURE 


With but one exception, the exchanger-bundle cleaning meth- 
ods were and still are mechanical. The general cleaning proce- 
dure is outlined briefly as follows: 

After the unit has been shut down or the exchange equipment 
by-passed, and before the exchanger shell is unheaded, the shell 
side of the bundle is washed thoroughly with water and steamed. 
This serves to wash away most of the loose and soluble deposits, 
and to soften the remaining deposits. When both sides of the 
exchanger have been drained and the shell side washed, the ex- 
changer heads are removed, and the bundle is withdrawn from 
the shell. 

If the tube side is partially fouled or plugged, an exchanger- 
tube scraper is used to ream the tubes. This scraper consists of 
a hollow shaft with an outer diameter slightly less than the inner 
diameter of the exchanger tubes. A steel cutting bit is welded 
to one end of the shaft, and just below this bit are wire springs 
which scrape the walls of the tube. Hither liquid (oil, or 
water), or gas (steam or air) may be charged through the shaft 
as the scavenger agent. The flushing medium is discharged 
through the shaft at the points where the springs are attached. 
The shaft rotates at about 700 rpm while it is being pushed 
through the tubes. In the event that a tube is plugged to such 
an extent that the tube scraper cannot be forced through, special 
vibrating equipment is attached to the shaft. The shaft rotation 
is increased to 3500 rpm while, at the same time, light hammer 
blows are applied to the shaft at the rate of 1900 times a minute. 

For cleaning the shell side of the bundles, hand scrapers are 
utilized. These scrapers are thin bars of steel, 1 in. wide, 1/ in. 
thick, and long enough to extend through the bundle. They 
usually are serrated on one side. The scrapers are inserted be- 
tween the rows of tubes and are worked back and forth the length 
of the bundle. The deposits are scraped off and fall onto baffles 
or other tubes. The bundle is blown with air or steam periodi- 
cally during the scraping operation in order to remove the loos- 
ened deposit. The scraping and blowing are continued until all 
scale and deposit have been removed from the shell side of the 
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The one example of chemical cleaning which is covered in al 
paper is the use of sodium-hydroxide solution (5-10 deg Baum | 
in cleaning the shell side (gas oil) of gas oil-catalyst slurry e "| 
changers. The four exchangers are cleaned, two at a time, wit | 
out shutting down the unit or pulling the bundles. The caustii 
is circulated through the shell, while steam is passed through thil 
tubes. After the caustic circulation, the bundles are washed an 
steamed water-dry in about 11/2 hr. It was found that if thj 


but was gradually reduced to 6 hr. 

An inspection of the graphs of the rates of fouling and change} 
in heat-transfer coefficient reveal the expected general trends 
i.e., increase in fouling and decrease in transfer coefficient with 
time. 


CoNCLUSION 


In conclusion, it should be stated that the mechanical method 
of cleaning which have been used appear to be adequate, consider) 
ing the structural characteristics of bundles. The man-hour re} 


quirements for cleaning the outside of the tube bundles by scrap) 
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TABLE 1 CYCLE FUEL-OIL-HEATED NAPHTHA REBOILERS (2) 
Flow Rates - Terminal Temperatyre Ov 11 
Floy Matertals Berrels/ir. of Fluid Stream, °F Heat Tete “Shere eee, Overalls 
Date Sada Raa ae oe eens Tube- Corrected pect et BTU/ side side 4 Reniarenes Heat Duty 
ano ———— —— oO Side side LMTD, F Hr/Ft [OF BTU t2 =. BTU te =] BTU /Hr 
11-9-43 Exchangers Cleaned 
11-10-43 Crkd. CFO 
3 oe 585 385 408451 yok 637 62.8 51.6 00530 00327 01083 17,815,000 
8-43 C¢ : 
re eno Sem, SORE NO, MEO CHO TaEG 45.2 .00520 _.00328 .01368 18, 863,000 
5 1-21-44 ae CFO 632 535 412-448 482—~639 119.0 27.8 -00520 -00290 -02790 18,206,000 
2-2-hy a  - Exchohpers’ Cleaned 
eee ENS ee Gh7 GOL) 47.0 .00540 00370 .01220 15,518,000 
A= 3h one Cro 346 HIB Akg 43H—+ 650 © «67.7 43.6 .00530 .00354 01406 16,284,000 
5- 8-44 ee CFO 89573 432 419453 YS — 625741 4o.4 00530 00302 01644 16,499,000 
F Beeb Ay Exchangers Cleaned 
and moe, Flow Material Properties 
Tube Passes 10 10 CFO Naphtha 
Shell Passes 1 1 Avg.Gravity, CAPI 5.0 58.0 
Tubes: No 852 900 Avg.Viscosity, 
Centipoises* el. -- 
Size me ae 
Gauge aM 1 *At Avera, Film Temperature 
Pitch a" 1° of 5256P 
Outside 
Area 2676 Ft® 2827 Ft@ 
Baffle Space 2*10" 2'10" 
6-2-41 
Installation Dates 2-18-44 12-5-38 
Material Steel Steel 
**Includes Tube Thermal Resistance of .00028 (BTU/Er/Ft°/°F) 
TABLE 2 DEPROPANIZER REFLUX CONDENSERS (6) 
Terminal Temp- 
Flow Rates eratures of 
Shell Fluid Streams, Overall Film Resistances Overall** 
Flow Materials Thousand of Barrels OF Heat Trfr. Shell- ape Fouling 
Shell-  Tube- Cu Ft/Hr /Hr  Tube- Shell-  Tube- Corrected Coeff gheo/ side Be zal head etance “1 Heat Duty 
Date side side Gas Reflux _GPM side side LMTD, OF Hr/Ft? OF (BTU/Hr/Ft [°F (BTU t2 BIU/Hr 
Prior 
Cleanin 
Dates: . 11-13-46: Nos. 17, 18, 19; 8-30-46: No. 20; 12-15-46: No. 21; 8-19-46: No. 22 
1-17-47 C3-Co Water 381 569 700 110~—98 107~ 74 5.96 164 .0012 00139 00351 12,275,000 
1-24-47 C3-Cy Water 383 580 1040 1115©99.5 108+ 84 7.33 136 .0011 .00097 .00528 12,489,000 
M-31-47 ©6C4-Co Water 305 580 662 114~99.5 111~73 9.60 104.4 .0011 +00145 .00703 12,588,000 
2-14-47 Exchangers Cleaned 
2-22-47 —C3-Co Water 428 571 686 115101 112.5+76.5 8.60 115 -00105 .00139 .00626 12,360,000 
3-1-47 63-02 Water 451 581 734 115985 111~+76 9.63 106.7 .00105 00133 .00701 12,855,000 
8-9-47 Exchangers Cleaned 
All Flow Material Properties 
Tube Passes 4 Avg.Lbs/MCFH OH Gas = 99.5 
Shell Passes 1 Avg.Lbs/Bb1. Reflux = 172 
Tubes: No 884 
Size 3/4x12 
Gauge 6 oe 
Pitch 15/16 
Outside 
Area 2083 
Baffle Space 6-7/16" 17 18 19 20 21 22 
Installation Date 7-24-45 3-14-46 10-30-45 12-15-46 8-30-46 10-30-45 
Material Admiralty 
Lined Steel Cu-Ni Cu-Ni Cu-N4 Cu-Ni Admiralty 


Reflux 


** Includes Tube Thermal Resitance of .00039 (BTU /r/Ft2/oF)~+ 
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TABLE 3 ABSORPTION OIL COOLERS (6) 


Terminal Temperatures 


OCTOBER, 1:9 


Flow Rates of Fluid Streams Overall 
Flow Materials Shell- OF Heat Trfr. Film Resistances Overall** 
Shell- Tube- Barrels Tube- Shell- Tube- Cornec ted Co pret. oe Pout ines t eee pat 
'D, OF t side e 8 
Date side side r GPM side side LMTD, r/Ft</ Lee 2 oe y-2 Foro sncert2/OR)-2 BTU 
Prior 
Cleaning 
Dates: 3-13-44: Nos. 13, 27; 2-25-44: Nos. 30, 31; 5-19-43: Nos. 26, 29 
9-13-44 Lean 011 Water 1254 668 106~86 8&.9~—78.6 10.8 445 -O11 .00206 -00981 3,440,000 
10-16-44 Lean O11 Water 1402 586 106.5—88 8&8 — 75.9 14.4 34.5 0106 00242 01646 3,550,000 
11-28-44 Lean 011 Water 1215 481 1060%86 7°.8—~ 66 22.6 20.6 -O115 00314 «03470 3, 320,000 
3-14-45 for 
Y-4-45 (Nos.30,31 Exchangers Cleaned 
6-15-45 Lean 011 Water 1260 496 103,0%929 93.3 85.8 7.55 34.4 -0115 .00272 -01530 1,860,000 
T-5-45 Lean O11 Water 1253 499 105.0%935 94.9— 87.0 7.70 35.7 0112 .00272 01445 1,970,000 
7-14-45 Lean 011 Water 1260 524 105.0%93.0 90.4 82.5 12.0 24.0 -0113 -00262 .02834 2,063,000 
8 30,31 
12-26-45 (28,29 Exchangers Cleaned 
shit PICT: 
Lean 011 13 27e8¥ Absorption 011 Properties 
Tube Passes 4 6 Avg.Gravity, CAPI 4o 
Shell Passes 2 al Avg.Viscosity,Centipoises* 1.5 
Tubes: No 402 528 
Size 3/4x12 3/4x12 *At Average Film Temperature of 95°F. 
Gauge 16 16, 
Pitch a ee 
Outside 
Area 947 = 1244 
Baffle Space 8" 6" 
27 28 29 30 31 


Material 


Installation Date 5-1-41 6-1-41 


Red Brass 


4-18-41 4-18-41 4-18-41 4-18-41 


**Includes Tube Thermal Resistance of .00009 (BTU/Hr/Ft?/°F)-1 


GAS OIL-CATALYST SLURRY EXCHANGERS (4); 


Terminal Temperatures 


of Fluid Streams 
OF 


105 335 
105 - 320 
100 > 340 
Tigi 325 
Sy 1555) 


SOs 27S 


95 = 430 
90 -» 364 
95 = 334 
100 - 320 
105 = 299 
95 = 287 


90 —— 257 


TABLE 4(a) 
Flow Rates 
Flow Materials Barrels/Hr 
hell- Tube- Shell- Tube- 
Date side side side side 
3-3-44 
8-15-44  Chg.Gas Slurry 681 2840 
O11 
9-1-44 Chg.Gas Slurry 740 2840 
O11 
9-16-44 Chg.Gas Slurry 485 2710 
O41 
10-16-44 Chg.Gas Slurry 615 2000 
Oil 
2-33-44 Chg.Gas Slurry 819 2550 
041 
1-32-45 Chg.Gas Slurry 861 2500 
Oil 
3-62-45 
3-13-45 Chg.Gas Slurry 810 2090 
041 
4-15-45 Chg.Gas Slurry 864 2160 
011 
5-15-45 Chg.Gas Slurry 850 2060 
Oil 
6-15-45 Chg.Gas Slurry 802 2200 
O41 
8-14-45 Chg.Gas Slurry 842 2340 
011 
9-15-45 Chg.Gas Slurry 848 2200 
011 
12-1-45 Chg.Gas Slurry 1002 2450 
oil 
2-19-46 


side 
Installation 
463—< 509 250 
461— 507 259 
457 + 505 246 
450—¢ 508 256 
49] —t 537 Sika 
481—¢ 528 318 


Exchangers Cleaned 


443+ 548 204 
475 ~~ 560 275 
484 ~< 561 298 
496 —«- 558 308 
500 + 554 318 
500 + 556 330 
487 —«-538 334 


Exchangers Cleaned 


Overall me 

Heat Trfr. 

Tube- Corrected Coett,B Ve 
LMTD,OF_ Hr/Ft 


Shell- 
side 


29.3 -00631 
27.5 -00655 
26.1 .00870 
25.4 .00770 
23.0 .00640 
21.8 -00662 
63.6 00514 
39.7 - 00553 
31.3 + 00593 
26.2 .00616 
23.3 -00615 
22.0 .00622 
22.0 .00569 


——————— 


Resist es 


Tube- 
ide 


(BTU/Rr/Ft©/OF)-1 ( 


-00684 


. 00684 


+00705 


-00965 


- 00865 


- 00885 


- 00825 


00725 


-00684 


- 00644 


PRECAUSTIC WASH 


Overall** 

Fouling 

Resietancg 
.01926 
02301 
02255 
«02305 


«03086 


- 03204 


-00092 
-01102 
-01722 
+02379 
-02950 
-03244 


03451 


Heat Duty 
_BIU/ar _ 


BIU/Hr/Ft°/°F)-1 _ Bru 


26,200,000 
25,400,000 
22,885,000 
23,300,000 
25,580,000 


24,700,000 


46,200,000 
38,900,000 
33, 300,000 
28,800,000 
26,500,000 
26,000,000 


26,250,000 
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TABLE 4(b) GAS OIL-CATALYST SLURRY EXCHANGERS (4); CAUSTIC WASH 


Bae big hee Temperatures Overall 
Se 
gee teriale Barrels /ir : ake eats Roce Shel" Tobe Rolin 
ell- ube= Sli elibe=.Shio ll =m =imilnEE TODS 3 . 
Date side side side side side ee oeme oe es a (Bra vp rere ory- =i (Bro /in /Pte/oR)-2 aOTU fie 
3-9-46 Unit Started Up After Test and Inspection 
-13-46 Chg.G Ss 
3-13 ene es Slurry 1130 1778 135-~443 458—-612 228 73.6 00418 .00985 0 60,000, 0000 
3-22-46 Chg.G sl 4 
3 Chg cr) urry 1145 1635 138430 490-648 0272 59.4 -00417 +00965 -00303 57,600,000 
4-1-46 Chg .G 
Chg as Slurry 888 1635 115-416 505—630 262 48.4 +0051 -00965 +00590 45,200,000 
4-14-46 ae ce Slurry 1339 1632 140346 535—¢ 657 348 36.6 -00416 -00825 .01494 45,500,000 
4-15-46 Caustic Washed 
4-18-4 Chg. 
18-46 ae Gas Slurry 1195 1561 140401 495— 648 290 50.7 -00430 ~01005 -00538 52,550,000 
-3-4 a ( 
5-3-46 Chg Gas Slurry 1105 1530 130400 496—~«642 294 47.5 0044S, -01005 .00652 49,950,000 
5-12-46 pyar aes Slurry 1080 1530 128388 505~+635 302 yoy 00448 ~01005 .00907 45,750,000 
ef 5-20-46 Ghe: Gas Slurry 1120 1490 135-382 512—649 314 40.0 -00500 .00985 .01015 44,950,000 
5-22-46 Caustic Washed 
Tube Passes ie 
Shell Passes al 
4 Tubes: No 175 a 
Chg. Gas Oil ree i A x15 .6 
Auge 
Pitch s So16"® 
Outside 
Area 893 mo Tee Om S aa 
aiueey Baffle Space 5-3/ 
Installation Date PERE ea) pate 
Material ___ Steel 


**Includes Tube Thermal Resistance of .00045 Ne aie 


Flow Materials Properties 


Gas Catalyst 

Oil Slurry 
Avg. Gravity, CAPI 30.3 19.0 
Avg.Viscosity ,Centipoises* plea 1.0 


*At Average Film Temperatures of: 


Gas 011 237°F. 
Slurry 469°F, 


ng methods are high, but it is usually necessary to employ these cleaned by this method. The use of caustic solution in maintain- 
nethods in order to obtain satisfactory results. We have found ing clean gas-oil preheaters without pulling the bundles has re- 
imited application for cleaning the shell side of heat exchangers sulted in decreased idle unit time for cleaning and inspection, 
yy caustic-washing. The gas oil-catalyst slurry exchangers are and at the same time a higher level of heat transfer. 
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Fouling of Marine-Type Heat Exchangers 


By H. E. BETHON,! WASHINGTON, D. C. 


The paper emphasizes the importance of making due 
allowance for fouling and cleaning in the initial design of 
heat exchangers for naval service. It describes briefly the 
design and construction of marine-type heat exchangers 
(ubricating-oil and jacket-water coolers, steam conden- 
sers, steam- and thermal-compression distilling plants and 
fuel-oil heaters), in addition to various design and operat- 
ing procedures which affect fouling characteristics. 


INTRODUCTION 


WN order that the maximum striking or defensive power of a 
task force can be realized during a naval assignment, it is 
important that the design, construction, operation, and main- 
tenance of major machinery components aboard naval vessels 
be standardized to the greatest extent possible so that each ma- 
chinery component can be assured of operating at its peak effi- 
ciency. In other words, if there were no high degree of uniform- 
ity then certain machinery components, having different fouling 
characteristics, would be forced to shut down for cleaning or 
operate at reduced power and/or lowered efficiency. Toward 
this end the practice of the Bureau of Ships is to submit new de- 
signs of heat exchangers proposed by industry to governmental 
laboratories for the purpose of conducting performance tests in 
addition to evaluating fouling, cleaning, repair, and maintenance 
characteristics under conditions simulating actual shipboard 
operation before final approval is granted. 

Heat-exchanger operation and maintenance aboard a naval 
vessel presents an ever-changing picture because, dependent on 
the vessel’s operation in waters varying between the arctic and 
tropical regions, aside from operation in contaminated rivers and 
harbors, different marine growths and organisms and variations 
in chemical constituents are experienced, with the result that 
cleaning and operating methods must be varied to suit particular 
circumstances. Furthermore, naval vessels arriving in foreign 
ports of call often encounter different inferior grades of fuel and 
lubricating oils that adversely affect the performance of the re- 
lated heat exchangers. 

_ As regards heat-exchanger design, it safely can be assumed 
that there is a relatively fair degree of uniformity among manu- 
facturers in the establishment of clean-tube heat-transfer rates as 
the result of the efforts toward standardization on the part of 
the Heat Exchange Institute and Tubular Exchanger Manufac- 
turers’ Association, among others. These rates are usually de- 
termined from velocity versus heat-transfer-rate curves adjusted 
for viscosity and temperature plus other physical variations, 
3.g., baffle type and pitch, tube length, diameter, and material, 
stc., in the case of simple installations such as steam condensers, 
feedwater heaters, fuel-oil heaters, etc. In the case of complex 
nstallations wherein the temperatures of both fluids being 
jandled vary, such as liquid-to-liquid exchangers, gas-to-liquid 
xchangers, gas-to-gas exchangers, etc., it is customary to employ 
he resistance method wherein the over-all clean-tube heat-trans- 
er rate is equal to the reciprocal of the sum of the film resistance 


1 Principal Marine Engineer, Bureau of Ships, Navy Department. 
Contributed by the Heat Transfer Division and presented at the 

Annual Meeting, New York, N. Y., November 28—December 3, 1948, 

f Tun Amprican Society or MecHanicAL ENGINEERS. 

‘Note: The opinions expressed herein are those of the author and 

lo not necessarily represent the opinions of the Navy Department 

r the service at large, nor of the Society. Paper No. 48—A-145., 
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on the shell side plus the film resistance on the tube side plus the 
metal resistance. 

However, very little has been done to establish a standard 
method for determining fouling resistances normal to the opera- 
tion of the heat exchanger, with the result that a manufacturer 
may offer a design which does not allow adequately for a reasona- 
ble degree of fouling, either through lack of knowledge as to the 
fouling characteristics of the fluids being handled or to a strong 
endeavor to secure the contract. The result is that the purchaser 
finds it necessary to resort to frequent shutdowns of the plant for 
cleaning operations or to continue operation at reduced capacity 
and/or lowered efficiency. The initial design of a heat exchanger 
to meet the rated or designed capacity under the specified tem- 
perature and pressure conditions is important, but the ultimate 
successful operation of the unit is dependent primarily on the 
factors allowed for fouling and cleaning. 

The heat exchanger should be designed so that the rated capac- 
ity will be realized after a specified number of hours under nor- 
mal operating conditions has elapsed, thereby directly reflecting 
the period of satisfactory performance before cleaning becomes 
necessary. Under all circumstances the heat-exchanger manu- 
facturer should indicate both the clean-tube and over-all heat- 
transfer rates. The Bureau of Ships has for years adopted this 
procedure in connection with distilling plants whereby the rated 
capacity of the plant is understood to be the output of the plant 
after 30 days of continuous operation, with clean-tube capacity arbi- 
trarily established at 30 per cent in excess of rated capacity. 
Fouling-resistance rates are a function of the characteristics of the 
fluids being handled, velocity, tube material, temperatures, tube 
size, viscosity, among other items. Other factors besides fouling 
due to normal operation that must be considered in arriving at 
the optimum heat-exchanger design are weight, space, man 
power, time outages, load factor, etc. For example, in the case 
of a submarine, where weight and space are at a premium, it is 
desirable to design a heat exchanger with reduced allowance for 
fouling, with consequent frequent cleaning periods, in order to 
keep weight and space at a minimum, whereas in the case of 
larger vessels where weight and space are not as critical, a greater 
allowance can be made for fouling, with the result that pro- 
longed operation at rated capacity can be expected before clean- 
ing becomes necessary. 


Design Considerations 


In order to establish the proper design of heat exchanger which 
will be capable of sustaining the required capacity for the desired 
period of operation between cleaning periods with minimum 
maintenance and repair, the designer must give serious considera- 
tion to the selection of materials which offer maximum resistance 
to corrosion, to the fouling characteristics of the fluids being 
handled, and to the provision of adequate means for either manual 
or chemical cleaning of the unit when found necessary. In the 
case of heat exchangers, whose performance is greatly affected by 
fouling, the purchaser should be given as much information as 
possible on the proper chemical and/or mechanical methods to be 
employed in the cleaning of these units, in order that their maxi- 
mum useful service life may be realized. By the same token the 
purchaser should acquaint the manufacturer fully with informa- 
tion as to the approximate period of storage under atmospheric 
conditions before installation, in order that the proper allowance 
for atmospheric corrosion can be made; as to conditions existing 
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during installation that may result in unsuspected internal foul- 
ing of the unit from an outside source which, if serious enough, 
may justify the adoption of a removable tube-bundle design or 
special cleaning features; as to possible abnormal sources of 
fouling or contamination not expected during normal operation 
of the unit which may be present, such as, seaweed, kelp, fish, 
barnacles, and the like. Other circumstances, not ordinarily 
apparent to the manufacturer, which may have a strong bearing 
in determining the proper design of heat exchanger should be 
noted, particularly those items which will result in prolonged sat- 
isfactory service life with minimum maintenance, repair, and 
overhaul. 


Causes of Fouling 


Fouling of a heat exchanger may occur from the following causes 
among others: 


(a) Fouling of transfer surfaces resulting from normal opera- 
tion, such as deposition of scale, accumulation of slime, sludge, 
carbon deposits, etc. 

(b) Fouling of transfer surfaces resulting from internal corro- 
sion of ferrous subcomponents such as baffles, tubes, shell inte- 
riors, etc. 

(c) Fouling of transfer surfaces resulting from foreign matter 
being carried into the heat exchanger by the circulating sea 
water, fuel oil, etc., from carelessness during the installation pe- 
riod, and from inadequate methods of cleaning the system be- 
fore operation is started. 


Design Factors That Minimize Fouling Problem 


Aside from the importance of designing a heat exchanger with 
proper attention being paid to adequate allowance for fouling, 
selection of suitable materials, and to effective cleaning methods, 
every consideration should be given to establishing basic design 
requirements which will minimize the fouling or scaling problems. 
The following examples are cited: 


(a) Design of distilling plants on the basis of vacuum opera- 
tion wherein the last-effect shell vacuum is specified at 26.5 in. 
of mercury, and the desuperheated steam to the first effect is 
maintained at subatmospheric pressures through the use of an 
orifice in the steam line. In this manner the temperatures 
throughout the system are held at low levels, thereby reducing 
seale formation. 

(b) Adoption of satisfactory feed-treatment systems, such 
as the introduction of boiler compound and cornstarch, with the 
result that the formation of scale is greatly retarded, and the 
nature of the scale deposit is radically changed from a type 
which adheres rigidly to the tube surface and defies removal, to a 
type which is soft and powdery whose removal can be easily ac- 
complished by means of a hosing-down operation. Current in- 
vestigations are being undertaken on other methods of evaporator 
feed treatment such as ion exchange of the self-regenerating type, 
carbon-dioxide removal, electrolytic-cell installations, introduc- 
tion of different types of chemicals, etc. It must be determined 
carefully beforehand that these feed-treatment systems will not 
result in accelerated corrosion or deterioration of the heat ex- 
changer, or adversely influence the successful operation of the 
plant. 

(ec) Installation of a fresh-water-cooled lubricating-oil system 
for Diesel engines whereby the engine-jacket water, which has 
been treated by the introduction of an inhibitor, is employed to 
cool the engine lubricating’ oil, while the jacket water in turn is 
cooled by sea water. This arrangement requires only one sea- 
water-operated heat exchanger, thereby reducing the fouling and 
maintenance charges. 

(d) Introduction of chlorine or chlorine compounds, the pro- 
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vision of a chlorine generating cell in sea-water piping systems 
resorting to the periodic flushing of piping systems, including he 
exchangers with heated sea water will reduce the contaminati 
from marine growths and organisms. 

(e) The use of low-viscosity high-grade fuel oils will redu 
the operating temperatures necessary for proper atomizatie 
with the result that less fouling of fuel-oil heaters is encountere 

This paper deals with fouling problems in connection with 
following types of heat exchangers installed aboard nat 
vessels: Lubricating-oil and jacket-water coolers, steam c¢ 
densers, fuel-oil heaters, and distilling plants. 


LUBRICATING-OIL AND JACKET-WATER COOLERS 
Construction of Coolers 


All main- and auxiliary-turbine lubricating-oil coolers insta 
aboard surface vessels are of the shell-and-tube type, better kno 
as type A, with the lubricating oil circulated through the she 
and with the sea water circulated through the tubes. The maj 
turbine coolers, varying in size between 300 and 1600 sq ft, are}; 
the fixed tube-sheet design, as illustrated in Fig. 1 and are cq 
structed of */sin-OD 70:30 copper-nickel tubes, and 7039 
copper-nickel tube sheets, with cast bronze water boxes and w: 
steel shell and baffles, wherein the baffles are either welded | 
bolted to the interior of the shell. Owing to difficulties expe 
enced with the corrosion of the steel shell and baffles and, sinceq 
was impossible to inspect and/or clean these parts without jf 
tubing the unit completely, the Bureau of Ships, in 1944, requi | 
that the shell and baffles be made of nonferrous material and th 
the baffles be supported by tie rods and spacers attached to al : 
tube sheet. Thus the entire baffle assembly could be wi 
drawn after the tubes were removed, for the purpose of cleanijf 
the shell interior. Recently, for new construction, the specific | 
tions for main-turbine oil coolers have been changed to require} 
withdrawable tube-bundle design, based upon an outside pack}! 
floating tube sheet provided with telltale openings so as to deta} 
immediately either a lubricating-oil or a sea-water leak. Ti} 
auxiliary-turbine coolers, being much smaller in size, are eith} 
of the fixed or floating tube-sheet design and are usually ody 
structed of 3/s-in-OD 70:30 copper-nickel tubes and with nd} 
ferrous shell and baffles. | 

The main and auxiliary Diesel-engine lubricating-oil aal 
jacket-water coolers installed aboard all submarines and aboaif} 
the majority of Diesel-driven surface craft, one notable exceptii 
being LST’s, are known as type B units with the lubricating 4} 
or jacket water circulated through the tubes, and with the s 
water circulated through the shell. These units are manufactury 
by the Harrison Radiator Division of General Motors Corpor 
tion and are furnished in many different sizes and models eithi! 
of two basic groups, the largest unit being equivalent to a shel | 

| 


i 
| 
} 


Ly 
oF 


and-tube unit containing approximately 400 sq ft of cooling sii 
face. ‘The two basic groups are plate-tube type and strut-tu} 
type. Fig. 2 illustrates the general principles of construction o3} 
Harrison strut-tube-type cooler for an emergency Dies# | 
engine generator set. 

The plate-tube-type cooler consists of a stack of plate-tylf 
tubes connected in parallel with the oil supply and enclosed in 
cast-bronze housing through which sea water is circulated. _ |}j 
this design the plate assembly is removable. The fabricati 
strut-tube-type cooler comprises two different designs of st 
tubes, one for water cooling and the other for oil cooling. | 
water tube is from 2 to 3 in. wide and is composed of a male aa 
female section, each containing a series of formed dimples, whil 
are copper-brazed together in a hydrogen furnace. The oil tu} ) 
is 1 in. wide and is fabricated in the same manner as the plat 
type tube, wherein the male and female sections, which enclolf 
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an internal distributor strip, are copper-brazed together in a 
hydrogen furnace. 

The material of the plate- and strut-type tubes is 70:30 copper- 
nickel. The plate-type tubes are copper-brazed to a 70:30 
copper-nickel header plate as an entire assembly. The strut- 
type tubes are soldered into a 70:30 copper-nickel header plate 
which in turn is soldered to the frame of the cast-bronze casing. 
All strut-tube-type models except Model HE24 are of the fixed 
tube-bundle design. In the case of new construction, the shell 
or casing and oil or jacket-water heads or covers will be of brazed 
copper-nickel plate construction in lieu of castings, whereas the 
strut-type tubes will be silver-brazed in lieu of soldered to the 
header plates, and the tube-bundle assembly will be of the re- 
movable type. 


Piping Arrangement 


Diesel-engine installations aboard submarines and surface ves- 
sels are based upon the lubricating-oil and jacket-water cooling 
system as illustrated in Fig. 3, wherein the lubricating oil is 
cooled by the engine jacket water which is in turn cooled by sea 
water. In this system sufficient by-passes and thermostatic 
controls are provided for the purpose of maintaining optimum 
lubricating-oil and jacket-water temperatures, regardless of en- 
gine loads and injection temperatures. 


Performance of Type A Coolers 


The following cases are cited to illustrate the seriousness of 
fouled main-turbine lubricating-oil coolers of the fixed tube sheet 
and baffle design installed aboard various types of naval vessels 
which occasioned a large amount of additional work that would 
not have been necessary had these coolers been of a design which 
permitted access to clean them without retubing, or had they been 
constructed of noncorrosive material throughout. 

U.S.S. Shaw (DD373). This vessel was damaged during the 
Pearl Harbor attack on Dee. 7, 1941, and the engine room flooded. 
The vessel was later run aground. Among other spaces, the engine 
room was flooded for the second time. Piping was thoroughly 
eleaned and lubricating-oil coolers were sent to the shop, cleaned 
with trichloroethylene solution, and tested afterward only 
hydrostatically. On completion of machinery work, the system 
was flushed thoroughly with oil several times, and the bearings 
were inspected and found satisfactory. After 6-hr full-power 
operation at sea, the lubricating-oil pumps failed on the port unit. 
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On arrival at the yard with the port unit secured, the bearings 
in the port engine were inspected and found filled with abrasive 
rust, and many journals scored and bearings wiped. All upper 
gears were removed and sent to the shop for regrinding and re- 
sizing to common dimension; all bearings were remetaled. The 
lubricating-oil coolers were taken to the shop with instructions to 
open up and retube. When the tubes were cut out and coolers 
opened, excessive corrosion was found inside the wrapper sheet 
and on the baffles. The coolers were pickled thoroughly and 
baffles replaced. 

This casualty was caused by the corrosion existing inside the 
lubricating-oil coolers, which had not been eliminated by cleaning 
with trichloroethylene. This corrosion was occasioned by the 
two previous floodings of the engine-room spaces, wherein sea 
water may have been introduced into the coolers. Cleaning with 
trichloroethylene did not remove this old rust. Fig. 4 shows the 
exterior of the aft-end tube bundle of the port lubricating-oil 
cooler. The baffles in the shell were badly corroded and coated 
with iron-oxide grit. 

U.S.S. Pensacola (CA24). Due to damage and submersion in 
sea water, all machinery units, piping, and lubricating-oil coolers 
in the after engine room were removed for cleaning and repairs. 
The two lubricating-oil coolers were completely disassembled, 
shells cleaned, tube sheets cleaned, and then the coolers were re- 
tubed. The coolers were reinstalled on board ship in March, 
1943. About September 1, 1948, an examination was made of 
the oil and water sides of all coolers. Coolers in the forward en- 
gine room were found to contain much sludge and grit in the oil 
side of the shell. Coolers in the after engine room were found to 
contain rust and fine grit in sufficient quantity to warrant re- 
cleaning after having been installed about 5 months. 

All coolers were taken to the shop, tubes removed, shells 
cleaned, reassembled, and retubed. After retubing, all coolers 
were tested to 150 psi with oil. All oil piping in both engine 
rooms was taken to the shop, cleaned, annealed, and reinstalled, 
followed by an extensive flushing schedule. Fig. 5 shows the ex- 
terior of the tube bundle of the cooler in the after engine room. 
The baffles were badly corroded and heavily coated with iron- 
oxide grit. 

Numerous similar instances can be cited wherein main-turbine 
oil coolers were fouled to the extent of rendering them inopera- 
tive. Internal corrosion of the steel shell and baffles was caused 
by atmospheric conditions during prolonged periods in storage 
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Fic. 5 Tuse Bunnie or Lusr-O1n Cooter—Cruiser U.S.S. 
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prior to installation aboard ship. Fouling was also caused by the 
lodgment of foreign matter such as rust, rags, weld beads, exces- 
sive dirt, chip drillings, etc., in the shell of the oil cooler, resulting 
from careless installation procedures. In some extreme cases 
the cooler tubes had to be removed completely in order to provide 
access to the shell side for cleaning purposes. 


Performance of Type B Coolers 

In the case of type B (Harrison) lubricating-oil and jacket- 
water coolers wherein the flow passages are exceedingly small 
(less than !/; in.), strainers having a fine-mesh screen are usually 
provided in the sea-water circuits ahead of the cooler. No un- 
usual fouling difficulties, except for rust scale, have been ex- 
perienced in the lubricating-oil and jacket-water sides of these 
coolers during normal operation inasmuch as any foreign matter, 
the entry of which occurred during the ship construction period, 
will be deposited at the entrance to the tubes owing to the small 
flow passages, the removal of which can be readily accomplished. 

In May, 1947, three Model 27 Harrison lubricating-oil cool- 
ers serving one main-turbine unit of the cruiser U.S.S. Rochester 
(CA124) completed over 4300 operating hours of satisfactory 
service performance without any leakage or fouling difficulties 
being encountered throughout the entire period. The three units 
were arranged in parallel on the oil side and in series on the sea- 
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water side. No strainers were installed in the cooling-water sys 
tem, and these units were not given any more operating attentioy 
than the standard shell and tube unit serving the adjacent mai. 
turbine. 


The great savings in weight and space of the Harriso} | 


units over the standard *°/s-in-OD tube unit was particular H 


i | 


noticeable. 


Just recently, the Harrison units were removed from th 


U.S.8. Rochester (CA124) and in their place has been installe 
one Ross !/i-in-OD tube cooler, provided with a removable tubyg 
bundle, for the purpose of observing the fouling characteristic 

of this unit under actual operating conditions. This cooler, aloniq, 
with a #/s-in-OD tube cooler of the same design and construd§ 
tion, recently passed performance tests at the Engineering Ex 
periment Station, Annapolis, Md. 


Fouling of Coolers 
The fouling of heat exchangers aboard naval vessels depend 


to a large extent on the sea-water characteristics in the region ¢ 
q 


the vessel’s operations. Reports of considerable fouling of Haaf 
rison type and of small shell-and-tube-type heat exchange 
serving auxiliary machinery units have been received from th 
destroyer tenders U.S.S. Dixie (AD14) and U.S.S. Piedmor 
(AD17). Approximately 300 hr of operation were obtainabh 
between cleanings. 

The warm and highly polluted waters of the operating are} 
contributed to the rapid growth of fouling agents, which consis 
primarily of hydroids, shellfish (mussels), algae, and a moss} 
substance similar to fine grass roots. In both cases, strainers 4 
sufficiently fine mesh are installed ahead of the heat exchanger: 
Fouling apparently is caused by embryo shellfish passing throug 
the strainers and adhering to the interiors of the heat exchangerd] 
Within 12 days after entry, the embryo fish grow to such propo 
tions as to cause complete disruption of the flow of cooling wate}! 
with the resultant effect that in some cases machinery units ha 1 
been rendered inoperative until cleared of the fouled condition. | | 

The cleaning methods employed in the cases cited are strictll}} 
mechanized and manual. Low-pressure steam was employed ti 
dislodge the growths and clean the surfaces down to bare metay 
A diver was also sent overside periodically to remove the mass q 
marine growth from the sea strainers. The fouling is not exces 
sive when there is a reasonably rapid flow of water through thi; 
heat exchanger. : 


{) 


SSS SSS SSI 


In general, submarines have reported practically no foulin}} 
and very little:scale on the sea-water sides of heat exchanges}! 
even after long hours in use; | 
5000 hr with the result that these units yielded their full capacit; i 
output until they failed in service. It is believed that chemicsl| 
action during acid-cleaning performed at a naval shipyard wa 
responsible for their failure. 

The submarine tender U.S.S. Orion (AS18) reported that tH 
submarines under her care operated as much as 5000 hr withoi 


I | 


several instances have exceede||) 


cleaning and, except in the case of one ship which operated in t | 


pacriec River, no unusual operating conditions were on 


Main matuare and main engines wverheaed at norm 
The major part of the mud fo 


stoppage. 
cruising speed on two engines. 


ing was cleared by submerging to 300 ft and opening the cool4 


drains and later by blowing through with air at 225 psi. 
The submarine tender U.S.S. Nereus (AS17) reported thd 


upon removal of the eight main-engine jacket-water coolers a i 


of the eight main-engine lubricating-oil coolers, both of which an 


of the shell-and-tube design (3/s-in-OD), for cleaning and testini). 


after the main engines operated an average of 2055 hr each, a 
proximately 20 per cent of the tubes were found to be plugge¢ 
and the interior of all tubes was coated with a white hard scall 
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averaging about !/« in. in thickness. The zincs were inspected 
and cleaned monthly and renewed when 50 per cent deteriorated. 
In addition, a considerable amount of marine growth and sedi- 
ment was also present, despite the fact that strainers are installed 
in the sea-water lines ahead of all heat exchangers. Low and high 
sea-suction lines were found to be badly fouled throughout with 
Marine growth. No ill effects or abnormal temperatures were 
noted due to the 20 per cent plugging of tubes or marine growth 
found in the heat exchangers. During the same overhaul period, 
the four auxiliary-engine jacket-water coolers and the four aux- 
iliary-engine lubricating-oil, coolers were removed for inspection. 
These units are of the Harrison design. The zincs were in- 
spected and cleaned weekly and renewed when 50 per cent de- 
teriorated. No unusual operating conditions existed other than 
the use of harbor water for protracted periods while at anchor. 
Upon inspections, these coolers showed small amounts of marine 
_ growth and sediment; no scaling was in evidence. There have 
been no ill effects or abnormal temperatures experienced due to 
scaling or marine growth. 


Operation of Coolers 


Particular care must be taken in the operation of lubricating- 
oil coolers to avoid chilling the lubricating oil, which may result 
from full flow of cooling water and from by-passing the lubricating 
oil, in order to eliminate sludge precipitation which reduces the 
heat-transfer rate, thus necessitating frequent cleanings. Fur- 
thermore, too low an oil temperature (below 130 F) may result 
in getting condensation into the bearing housings and gear cas- 
ings. This entry of water into the lubricating-oil system sooner 
or later will prove troublesome. The cruiser U.S.S. Topeka 
(CL67) reported the failure of worm-gear casings on the conden- 
sate and booster-pump units due to operating with too cold an 
oil temperature. 

In order to minimize the fouling and corrosion of the sea-water 
side of the Harrison type jacket-water coolers installed aboard 
the LSM’s (landing ships, medium), it was found desirable to 
provide built-in air-separating tanks, connect the salt-water side 
of the main-engine fresh-water coolers in parallel, coat the inte- 
riors of the sand traps and air-separating tanks and all surfaces of 
the strainer screens in the sand traps with antifouling paint, and 
install water-actuated sand eductors in the sand traps among 
other corrective measures. 


Fig. 6 illustrates the extent to which a small marine Diesel- 
engine water cooler was plugged with lint and rags on the water 
side in the vicinity of the zinc pencil, which probably was caused 
by careless installation procedures. 

Fig. 7 illustrates the fouling of a Model HE424-362 Harrison 
strut-tube-type lubricating-oil cooler removed from the seaplane 
tender U.S.S. Barnegat (AVP10) after being in service over 3 
years. The fouling on the inlet-water side with stones, mud, and 
silt can be seen plainly. 

Fig. 8 illustrates the fouling of a Model 60 Harrison plate- 
tube-type lubricating-oil cooler also removed from the seaplane 
tender U.S.8. Barnegat (AVP10) after being in service over three 
years. The fouling of the plate tubes on the water side with 
marine growth can be observed readily. 

Fig. 9 illustrates the fouling on the lubricating-oil side with car- 
bon sludge of a Model HE124-250 Harrison strut-tube-type 
lubricating-oil cooler removed from the tug Shedla Moran after 
being in service approximately 15 months. 


Srram CONDENSERS 


’ Construction of Condensers 


The main condensers installed aboard combatant naval vessels 
and the majority of large turbine-driven auxiliaries are of single- 
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9 FouLeD ConpiTION ON O1L Sipe or Harrison Mopgru 
HE124-250 O11 CooLer 


Fig. 


pass construction employing */s-in-OD copper-nickel tubes 
wherein the circulating water is provided by a scoop injection 
system. A circulating pump, taking suction from a separate sea 
chest, is provided for low speeds and for astern operation. The 
main condensers installed aboard vessels built to the specifica- 
tions of the U. S. Maritime Commission which were later con- 
verted to naval auxiliaries are, in general, of two-pass construction 
employing #/sin-OD aluminum-brass tubes, in which the cir- 
culating water is provided by a circulating pump. The main 
condensers vary in size from 3,800 sq ft to 28,000 sq ft, the latter 
size being installed aboard the CVB41 class aircraft carriers. 

Fig. 10 illustrates the main condenser provided for the BB61 
class battleships The water boxes are of nickel-copper (monel) 
welded-plate construction of the sectional type, the tubes and 
tube sheets are of (70:30) copper-nickel material, whereas the 
shell-and-tube support plates are of steel plate. The main con- 
densers are installed either athwartship or fore and aft dependent 
upon whichever location bests suits the arrangement of machinery 
in the engine rooms. The dynamo or auxiliary condensers are 
of two-pass construction employing the same materials as in the 
case of the main condensers, except that the water boxes are of 


TUR RSE BR 


“ESSE 


HEDGE ear CERES 


Fic. 10 Main ConprenseER—BB61 Cuiass Barrirsuips, Foster- 
WHEELER 


TRANSACTIONS OF THE ASME 


OCTOBER, 1949) 


PERO ATS SSRN ‘ 


EXPRASIOH 
SSEERSAIC 


ANMETER CONN, i | 


11 Avuxri1ARY CoNDENSER—DD445 Cuass DESTROYERS, | 
Foster WHEELER 


Fic. 
cast bronze in lieu of monel metal. Fig. 11 illustrates the auxil- 
iary condenser provided for the DD445 class destroyers. 


Fouling of Steam Side 


Ordinarily the fouling of the steam side of the condenser under 'f} 
normal operating conditions presents no undue difficulties. The jf 
removal of any grease or dirt is periodically accomplished by boil- 
ing out with a strong solution of Navy standard boiler compound 
at intervals of every 2 or 3 years. In order to eliminate atmos- 
pheric corrosion of the shell interiors, the Bureau of Ships, in 1944, 
required that a coating of corn oil and Japan drier or an equiva-| 
lent protective coating be applied to the inside of the steel-plate 
shell and to the steel tube-support plates. Under these circum- |} 
stances it is possible to maintain condensers satisfactory in open 
storage for extended periods without incurring any serious corro- 
sion of the condenser shell. Fig. 12 illustrates the foreign ma- 
terials removed from No. 1 dynamo condenser aboard the U.S.S. |} 
Wichita (CA45) resulting from a casualty to No. 1 turbogenerator. 
The foreign materials comprise primarily pieces of turbine blading 
and of carbon packing ring. 


{ 


Fouling of Water Side 


On the other hand, it is extremely important to maintain the | 
inside of the condenser tubes free from fouling inasmuch as the 
service life of the condenser tubes is greatly dependent thereon. 


Fig. 


12 Foreign Matertats ReEMoveD From No. 
ConpDENSER U.S.S. ““Wicurra” (CA45) 


1 Dynamo 
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Under normal operating conditions, the fouling is not severe 
enough to affect seriously the operating efficiency of the prime 
mover but usually results in accelerated tube failures which re- 
quire the turbine to be secured for the purpose of plugging or re- 
placing the leaky tubes. Owing to the low circulating-water 
temperatures and to the favorable scaling characteristics of 
copper-nickel tubing, the amount of scale formed on the inside 
surface of the condenser tubes is practically nil. Hence the 
fouling of condenser tubes is occasioned mainly by the entry of 
foreign matter entrained with the incoming circulating water. 
The lodgment of foreign matter in condenser tubes causes two 
types of tube failure, dependent upon the size of the foreign 
particles entering the tubes. A foreign particle large enough 
to have appreciably obstructed the flow of water through the 
tube may cause failure at the point of contact due to corrosion, 
or the failure may occur in the area just downstream from the 
point of lodgment due to erosion. Lodgment of small foreign 
particles usually takes place when the condenser is being operated 
_ at a very low rate of sea-water circulation or when an idle con- 
denser is allowed to remain flooded with polluted harbor or river 
water. 

The draining of the sea-water side of an idle condenser may 
prove more dangerous than leaving the condenser flooded with 
polluted water, unless care is exercised that the condenser is 
properly cleaned at the time of draining and the tubes left dry. 
In the event the condenser is drained and allowed to stand without 
cleaning, polluted water in low points along the tube will evapo- 
rate gradually, concentrating the impurities which are left behind 
as the evaporation proceeds. Thus highly polluted water, con- 
centrated in small areas along the bottom of the tubes, corrodes 
and grooves the tube wall in these areas. When condensers are 
drained in port, it is highly desirable that the sea-water side be 
washed out thoroughly with fresh water. If ample fresh water 
is available, the most desirable method is to water-lance each 
tube, using fresh water. 

During the summer of 1944, the Philadelphia Naval Shipyard 
was very much concerned with the serious water conditions in the 
Delaware River resulting from the generation of hydrogen sul- 
phide fumes arising from the decomposition of untreated sewage 
and waste. As a result of this contaminated water condition, 
the Bureau of Ships issued separate instructions requiring the in- 
spection and cleaning of condenser tubes in the case of vessels 
proceeding to sea from ports such as Philadelphia where several 
hours of operation in a relatively shallow channel through polluted 
water is necessary. The cleaning is to be undertaken at the first 
available opportunity occurring after the vessel reaches clear 
water. 


Examples of Condenser Fouling 


Numerous cases are on file wherein main-condenser tubes 
have been fouled by marine life such as fish, eels, ‘Japanese 
worms,”’ etc., to the extent that the condenser vacuum suddenly 
dropped to a point at which the efficiency of the main turbine 
was adversely affected. The main-injection sea chest is not pro- 
vided with a strainer but is provided with strainer bars, spaced 
about 2-3 in. apart, with the result that marine life enters the 
main injection system and fouls up the condenser-tube entrances. 
Fig. 13 illustrates a severe case of fouling at the inlet tube sheet 
of No. 1 main condenser installed aboard the aircraft carrier 
U.S.S. Saipan (CVL48). This view was taken on December 3, 
1947, and judging from the diameter of the belled ends of the 
plastic condenser-tube inserts, it can be seen readily that these 


_. fish are on the average about 10-12 in. in length. 


The destroyer U.S.S. Fullam (DD474), on June 17, 1945, re- 
ported that after completing 78 days’ steady steaming in the 
Ryukus Area the No. 1 main condenser was drained and opened 
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Fic. 13 Fish Trappep at Inter Tuse SHeer or Main Con- 
DENSER—U.S.S. “Sarpan’”’? (CVL-48) 


and thousands of living, white squirming “worms” were found 
sticking to the sides of the water box, tube sheets, and, most im- 
portant, inside the tubes themselves. None of this marine 
growth was found in an attached condition on the discharge side. 
It is estimated that these organisms were found in 40 to 50 per 
cent of the tubes. Samples of this marine growth were forwarded 
to the Bureau of Ships and were chosen to show progressive stages 
of growth which varied from infinitesimal white spots to a growth 
approximately 3/s in. diam and 3 to 4in. long. In the advanced 
stages of growth the parasite begins to resemble a snail; the living 
end beginning to harden and having whorls similar to a snail. 
The outstanding point of this growth is the adhesive pad of 
fibrous material by which the growth attaches itself to the con- 
denser, necessitating that the growth be scraped or peeled from 
the condenser surfaces. Samples of this growth were later 
identified as a Japanese barnacle known technically as Concho- 
derma Auritum. 

The condenser was first steamed to kill the growth, the surfaces 
were then cleaned carefully using a light scraper on the water 
box. A scrubbing brush and fresh water were used on the tube 
sheets, and then the tubes were steam-lanced, followed by air- 
lancing from the discharge side. The debris was cleaned, porta- 
ble blowers were rigged, and the condenser was allowed to set 
overnight. In the morning the air-lancing was repeated. With 
the completion of this process, investigation showed less than 5 
per cent of the tubes had any obstruction remaining. Instruc- 
tions were issued to effect the periodic overheating of the con- 
denser circulating water to a temperature of about 5 deg F above 
the maximum growth-environment temperature, with the intent 
of killing the barnacle, thus promoting subsequent rotting and 
washing away of the remains while under way. 

During wartime operations, unusual fouling of the main-in- 
jection circulating-water systems and of the distilling-plant-in- 
let sea chests with fuel oil and its resultant by-products were ex- 
perienced, especially after a naval vessel passed through a heavy 
oil slick, resulting from the previous sinking of an oil tanker. In 
the case of one tanker, a tarry substance approximately 1/ in. 
thick covered the inlet tube sheet over large areas and conse- 
quently blocked the flow of circulating water through the con- 
denser tubes. In the case of distilling plants, the evaporator 
tube nests became fouled with a heavy coating of oil, and the units 
had to be boiled out thoroughly before the resumption of normal 
operation. 


Fue.u-O1Lt Heaters 


Construction of Heaters 
Since 1938, all naval vessels have been furnished with type B 
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fuel-oil heaters wherein the heating steam passes through the 
inner tubes which contain external fins, and the fuel oil passes in 
a counterflow direction along the fins between the outer tubes and 
the inner tubes. Since the resistance to heat transfer is pre- 
ponderantly on the oil side, it is therefore economical to provide 
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Fig. 14 Secrionat G-Fin Fuer-O1r Heater, GriscomM-RussELL 


extended finned surface in order to keep the weight and space at a 
minimum. Fig. 14 illustrates a sectional G-fin fuel-oil heater 
manufactured by the Griscom-Russell Company. In this design 
the inner tube sections are removable for the purpose of replace- 
ment or mechanical cleaning. In general, the fuel-oil heating in- 
stallation is divided between two or more sections operating in 
parallel so that each section performs at its maximum capacity 
under varying load demands, thereby reducing unnecessary foul- 
ing of the heaters. Before type B fuel-oil heaters are accepted by 
the Bureau of Ships, they must pass exhaustive tests at the Naval 
Boiler and Turbine Laboratory to determine their performance 
and fouling characteristics in addition to weight and space eval- 
uations. Conventional shell-and-tube type fuel-oil heaters, 
known as type A, are installed aboard naval vessels built prior to 
1938, and aboard merchant vessels converted to naval auxiliaries. 


Fouling of Heaters 


The rate of fouling on the oil sides of fuel-oil heaters is governed 
by three factors, namely, the rate at which oil passes through 
the heater, the temperature to which the oil is heated, and the na- 
ture of the oil itself. Overheating of the oi is probably the 
greatest single cause of fouling. ‘‘Cracked”’ oils, particularly, 
break down under heat and deposit carbon residue; such oils are 
more reduced in viscosity for a particular rise in temperature 
than straight-run oils. Under these circumstances, it is especially 
important that cracked oils should not be heated beyond the 
temperature which gives the correct viscosity for efficient at- 
omization, Care must be taken when heaters are being operated 
at reduced capacity to insure that excess oil temperatures are not 
reached. Since the normal rate of operation is low, the fact that 
heavy fouling exists may not become apparent before an attempt 
is made to operate the heater at its full rated capacity. To de- 
termine the state of fouling during operation at reduced rates, 
the curves shown in Fig. 15, which were devised by the author in 
1935, should be used for predicting fuel-oil-heater performance 
at full power. When performance checks indicate that a heater 
has fouled, it should be cleaned at the first available opportunity. 

Several destroyers which have just recently returned from 
operations in the Mediterranean reported a serious fouling condi- 
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tion in the case of Griscom-Russell G-fin type fuel-oil heaters. 
In each instance much lint had collected on the fins which were 
visible from the header. Also a thin carbonaceous deposit had 
collected on all surfaces in contact with the fuel oil. These 
heaters had not been cleaned since their installation 3 to 4 years 
ago. The cause of fouling can be attributed directly to the type 
of oil received in the Mediterranean area. This fuel oil con- 
tained much water and insoluble material, some of the latter 
showed up in the fuel-oil trunk screens in the form of large wads 
and had to be removed to continue fueling. This oil also had a 
high viscosity, with the result that it had to be heated to a higher 
temperature, approximately 180 F. The heaters would not have 


been so fouled if a strainer had been installed ahead of the unit. | 


The oil strainers located on the discharge side did not become 
excessively fouled with foreign matter. , 
Owing to the improved grades of fuel oil employed by the 


Navy, very little difficulty has been experienced with the fouling } 


of the oil sides of fuel-oil heaters. 


DISTILLING PLANTS 
Construction of Distilling Plants 
In general, distilling plants installed aboard all steam-turbine- 


driven naval vessels since 1922, have been of the multieffect, low- | 
pressure submerged-tube type, designed to operate on auxiliary |] 


exhaust steam at pressures below 5 psi. These plants vary in 


size from 4, 8, 10, 12, and 20,000 gpd double-effect units to 20, | 
In the case of Diesel- | 


30, and 40,000 gpd triple-effect units. 
driven surface vessels and submarines, motor-driven vapor- 
compression distilling plants, in capacities of 1000 and 2000 gpd 


have been installed, except for a small number of Diesel-driven |} 


auxiliary vessels which are provided with low-pressure distilling 
plants in which the steam is supplied by small auxiliary steam- 
generating units. 


With the exception of the CV9 and CVB41 class carriers, the 
majority of low-pressure distilling plants installed aboard naval | 
vessels are of the combined shell construction whereby certain |} 


heat exchangers are incorporated within a single-unit assembly. 


Various different arrangements of distilling-plant combinations jf) 
have been designed by Griscom-Russell Company, Foster-Wheeler_|f} 
Corporation, New York Shipbuilding Corporation, and Bethle- |} 


hem Steel Company. 


Fig. 16 illustrates a double-effect ‘‘solo-shell’’-type distilling H) 
plant that is furnished in the 4, 8, 10, and 12,000-gpd sizes. |} 
The only external unit not shown in this assembly is the conden- |} 


sate cooler. _The first- and second-effect evaporators, vapor feed 


heater, distilling condenser, and vapor baffles and separators are | | 
all contained in a single shell with a vertical division plate sepa-_ |} 


rating the two effects. The air ejectors, air-ejector condenser, 


flash chamber, and drain regulators are supported externally by 


the shell. 

Fig. 17 illustrates the 40,000-gpd _ triple-effect. separate-shell 
distilling plant provided on the CV9 and CVB41 class carriers. 
The evaporators (3), vapor feed heaters (2), distilling condenser, 


air-ejector condenser, and condensate cooler are all independent. |||) 
units which are separately piped up to complete the assembly of |} 


the distilling plant. The vapor baffles and separators are incor- 
porated within the evaporator shell for each effect. 


The material of the evaporator shells is cast bronze or naval iN) 


rolled brass, except that in the more recent units, welded copper- 
nickel plate is employed. The material of the tubes and tube 
sheets in the condensate cooler, distilling condenser, air-ejector 
condenser, and vapor feed heater(s) is 70:30 copper-nickel. 
Admiralty tubes and naval brass tube sheets were employed in 
the construction of the evaporator tube bundles but the Bureau 


of Ships is now requiring 70:30 copper-nickel for these component 
parts. 
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Fig. 18 illustrates the ‘‘Kleinschmidt”’ model ‘“S”’ vapor-com- 
pression distilling plant which was installed aboard submarines 
and Diesel-driven surface craft from 1940 to 1948, whereafter the 
“Badger” model ‘‘X”’ plant, as shown in Fig. 19, was substituted 
in its place. In the model S plant the evaporation-condensa- 
tion and feed heating-condensate cooling are accomplished in 
the same unit. In the model X plant these functions are handled 
by two independent units known as the evaporator and the heat 
exchanger. In the case of the model X plant straight-tube 
construction is used throughout, which permits mechani- 
cal cleaning, whereas, in the case of the model § plant chemical 
cleaning is favored, although the unit can be mechanically 
cleaned. However, considerable time is required to dismantle 
and clean the ten conical-shaped coil.assemblies. The material 
employed throughout the construction of both model S and X 
plants is 70:30 copper-nickel. 


Fouling of Distilling Plants 


The principal cause of fouling in distilling plants is the deposi- 
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tion of scale on the tube transfer surface of the evaporators and 
associated heat exchangers. The rate of scale formation is af- 
fected by the operating temperatures, brine density, and nature 
of the solids in the feed among other factors. In order to 
keep scale formation at a minimum, the design of the low- 
pressure steam distilling plant is based on producing the rated 
capacity with subatmospheric steam pressures (below 212 F), and 
on maintaining a brine density in the last effect shell not over 1.5 
thirty seconds. In addition to these design requirements, the 
Bureau of Ships has required the installation of a continuous corn- 
starch boiler compound feed-treatment system. It is recognized 
that one of the best ways to eliminate or reduce scale formation is 
through the process of evaporator feed treatment, and numerous 
research and development projects as hereinafter described have 
been established toward achieving this goal. 

Rear Admiral Thorvald A. Solberg, now Chief of the Office 
of Naval Research, conceived and initiated the idea of treating the 
evaporator feed aboard United States naval vessels. During 
1941, while he was Force Engineer of the Battle Forces, Pacific 
Fleet, actual experimental shipboard installations were made. 
Prior to this period, he conducted numerous laboratory tests on 
board ship in an attempt to arrive at the most practical method 
of treating evaporator feed that would obviate the need of carry- 
ing enormous supplies of chemicals aboard naval vessels. As a 
result, a mixture of boiler compound and cornstarch was adopted 
as the most satisfactory solution for low-pressure-steam distilling 
plants. 

In a recent survey, the Boston Naval Shipyard reported that no 
unusual scaling was noted in vapor-compression or low-pressure- 
steam distilling plants. However, it was indicated that certain 
ships currently in the yard for overhaul have scale of appreciable 
thickness, about !/, in. Other ships operating under similar 
circumstances and with like periods of cleaning and overhaul of 
their evaporators, namely, three years, have relatively clean 
plants. The evaporators on most of the ships mentioned have 
never been removed and cleaned since their original installation, 
3 to 4 years ago. A physical inspection revealed that the scale 
ranged from 1/32 to 1/s in. thick, the thicker layer being on the 
shell, which is usually the case. One ship reports that the evapo- 
rator capacity was not seriously impaired by this scale. All ships 
stated that they have followed the shipboard procedure of using 
cornstarch boiler compound and cold-shocking the tubes for pre- 
ventive maintenance. 
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Vessels operating in the Mediterranean area reported that 
due to the temperature and high carbonate content of the evapo- 
rator feed, the tubes become fouled in a very short time. One 
submarine, after returning from a 108-day patrol in the Pacific 
area, reported that the distilling plants were operating at near 
capacity after being in use for about 80 days of the patrol. Since 
adequate strainers are provided in the circulating-water supply 
lines of both low-pressure-steam and vapor-compression distilling 

plants, no unusual conditions of fouling due to entry of foreign 
matter or marine growth have been experienced. 

An excellent argument against the use of ferrous material in 
the construction of distilling plants is indicated in Fig. 20, 
(photographed in May, 1938), which shows the condition of the 
interior of the steel-plate shell of the combined distilling-conden- 
ser unit installed on board the destroyer U.S.S. Clark (DD361). 
It should be mentioned that this extensive corrosion took place 

~ within less than 2 years after completion date of the vessel and 

_ occurred on the fresh-water side of the unit, since the sea water is 
circulated through the tubes. The condition of the combined 
distilling-condenser units installed on the other destroyers of this 
class was essentially the same, indicating that this condition was 
general. As a result of this experience, the Bureau of Ships 
authorized the replacement of all steel-plate distilling-condenser 

shells aboard the DD356-363 class destroyers and aboard the 
U.S.S. Brooklyn (CL40) class cruisers with shells of cast-bronze 
construction, and in addition required nonferrous construction 
for all future distilling-plant installations. 

Figs. 21, 22, and 23 illustrate the progressive degree of tube 
fouling of the air-ejector after condenser, inner feed heater 
and vapor feed heater, respectively, comprising the No. 1 dis- 
tilling plant installed on board the cruiser U.S.S. Brooklyn 
(CL40). These revealing views were taken in September, 1944, 


Fic. 20 Conpirion or INTERIOR OF SHELL OF DISTILLING CoNn- 
DENSER—U.S.S. ‘‘CLarK’’ (DD361) 
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before the installation of the cornstarch-boiler compound evapo- 
rator-feed treatment system. The total months in operation since 
the last cleaning of the after condenser, inner feed heater and 
vapor feed heater were 20, 24, and 19, respectively, out of 
which 11.7 months constituted operation in Mediterranean waters. 


Evaporator Feed-Treatment System 


During the summer of 1944, extensive tests to determine the 
value of pretreating evaporator feed with cornstarch and Navy 
boiler compound were conducted on distilling plants installed on 
board the destroyer tenders U.S.S. Altair (AD11) and U.S.S. 
Hamul (AD20). These tests were conducted during anchorage at 
Great Sound, Bermuda, under the direct supervision of Mr. 
Ray L. Clapper, head of the Service Department of the Griscom- 
Russell Company. The sea water in Bermuda Harbor was found 
to be 1.25 thirty-seconds density and supersaturated with calcium 
carbonate. Before the tests were started, the distilling plants 
were cleaned thoroughly and placed in a satisfactory operating 
condition. 

The results of these tests indicated that the capacity of the 
plant operating on straight sea-water feed was about equal to the 


Fig. 21 Tuse Founinc or Arr-Hsecror Arrer, CONDENSER— 
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Fie. 23 Tuner Foutine or Vapor Frep Hratrer—U.S.S. “BrooxK- 
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plant operating with a pretreatment of 0.2 Ib cornstarch plus 
0.2 lb boiler compound per 1000 gal up until 465,000 gal of water | 
were distilled, after which the capacity of the plant employing 
pretreatment of feed exceeded that of the plant operating on 
straight sea-water feed. However, the rate of heat transfer in | 
gallons per hour divided by the temperature difference for both 
tests varied between 14.2 at the start and an average of 11.2 at | 
the end of the production of 600,000 gal, equivalent to a 30-day | 
period, thus resulting in a fairly flat rate of heat-transfer versus 
production characteristic. 
Operation with untreated evaporator feed yielded a brittle, 

porous, and easily cracked scale; whereas, in the case of the plant | 
operated with pretreated feed, there was no scale formation but | 
instead an even coating of white powder was formed on the tube 
surface, principally on the first effect. The use of all boiler com- 
pound (0.4 Ib per 1000 gal) resulted in the same conditions just 

outlined for the cornstarch-boiler compound pretreatment test. | 
The use of all cornstarch (0.4 lb per 1000 gal) was not effective | 
and normal capacity could not be maintained owing to rapid scale 
formation on all three tube nests. Also, the introduction of the | 
feed-treatment compound through the tubes of the distilling con- 


uo Ss. s. ALTAIR - . £L a ~ Ist 
eff. scale from tubes after on 00 
al. No eee used. 


U. S. 8. ALTAIR — #1 Evaporator 3rd 
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SAMPLES OF ScaLeE RemMovep From No. 3 anp No. 4 Evaporators—U.S.8. ‘““Hamuu’’ (AD20) 


(Seale divisions at bottom of photograph = 0,1 in.) 


denser and vapor feed heaters was not effective and probably was 
responsible for the deposition of solids which clogged and heavily 
coated tube walls with paste material as well as hard scale. Figs. 
24, 25, 26, and 27 illustrate the various types of scale and/or de- 
posit accumulated during the afore-mentioned distilling-plant 
tests. 

The Bureau of Ships, in the summer of 1944, authorized the 
installation of the cornstarch-boiler compound feed-treatment 
system for low-pressure distilling plants installed aboard all naval 
vessels in commission and under construction. Reports received 
from more than fifty vessels indicated the results were beyond all 
expectations. The mixture was injected into the bottom of the 
first-effect shell through a perforated pipe by means of ‘vacuum 
drag.” The introduction of cornstarch-boiler compound not 
only resulted in the removal of existing scale but retarded scale 
formation during normal operation of the distilling plant. One 
destroyer reported that the distilling plant was in operation for 
nearly 18 months before the unit was shut down for cleaning. 
An auxiliary vessel reported that existing scale began to fall off 
after feed treatment was initiated and within a short period 


better than 80 per cent of the old scale had fallen off, and that the 
same quantity of water could be distilled in one half the time. 


British Experience 


Lieut. (E) A. L. Benke, RNR, in a paper before the Institute 
of Marine Engineers,? cited an interesting distilling-plant ex- 
perience. The distilling plant consisted of two double-effect 
“soloshell’”’ units installed aboard an American-built escort 
carrier, having a normal designed output of 44 tons per day. 

“In November, 1944, two Admiralty pattern starch-injection 
units were supplied and fitted, one to each evaporator. Some 
U. S. Navy boiler compound was added in solution with the 
starch, in the proportion of 4 lb of starch and 1 lb of compound 
to each evaporator daily. The result has been that since July, 
1944, the tube nests have not required cleaning or scaling. 
Today there is the finest possible scale only on one effect coil. 
The ship left home waters on July 7, 1945, and has since opera- 


2 “Starch Injection and Evaporator Output,’ by A. L. Benke, 
Proceedings of the Institute of Marine Engineering, vol. lvii, 1946, 
pp. 161-162. 
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ted in waters around the coasts of India, Ceylon, Malaya, 
Sumatra, and in the China Sea, in all of which waters, tem- 
peratures rarely fall below 82 F, and seem to contain more 
than a normal quantity of scale-forming matter but due to the 
injection of the starch and boiler compound, none deposits on 
the tubes. As an indication of the efficiency of the plant opera- 
ted in this way, a total of 7801 tons have been distilled during 
an aggregate of 4878 working hours between July 1 and Novem- 
ber 10, 1945, which gives an approximate daily average of 77 
tons.” 

The British Admiralty has also experimented with the intro- 
duction of acid sodium sulphate and ‘‘Belloid T.D.,” which is 
actually the sodium salt of a dinaphyl methane, disulphonic acid, 
and to date very satisfactory results have been obtained. Full- 
scale tests were made in standard evaporator equipment aboard 
the aircraft carrier H.M.S. Implacable over the past 2 years. In- 
stead of preventing the deposition of scale, the aim is to control 
the physical form of the deposited matter so that hard and ad- 
herent scale is unlikely. The foregoing tests include comparisons 
between untreated sea water, sea water plus cornstarch-boiler 
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compound treatment and sea water plus various concentrations 
of “Belloid T.D.” injections 


less adherent, thus permitting it to be easily cracked from the | 


tube surface under conditions of operation of the evaporator. 
Research Now in Progress 


Considerable investigations into the causes and prevention of 
scale and corrosion in both low-pressure and vapor-compression 


types of distilling plants, employing sea water as the evaporator 
feed, are now in progress. 


The average feed treatment is 12 | 
oz for 10 tons of water distilled. The resultant scale is softer and | 


| 


b| 


i 


; 
4 


The Navy, in collaboration with the | 


Coast Guard, has placed a contract with Armour Researeh 


Foundation, whereas the Army has awarded a contract to the 
University of California for the purpose of trying to find a satis- 
factory practical solution to this problem. The Bureau of Ships 
is also investigating other methods of scale prevention, such as 
a continuous ion-exchange system with a counterflow brine- 
regenerative arrangement, removal of carbon dioxide, and the 


installation of a specially designed electrolytic cell in the evapo- 
rator-feed circuit. 
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It is anticipated that good results will come out of the various requiring the design of vacuum-operated plants, both of the low- 
research and development projects concerned with the prevention pressure and vapor-compression types, for new construction, in 
of evaporator scale, but, in the interim, the Bureau of Ships is order to hold operating temperatures at a minimum. 


The Fouling and Cleaning of Surfaces in 
Untired Heat Exchangers—Panel Discussion 


PREPARED By O. P. BERGELIN, UNIVERSITY OF DELAWARE 


_ This report summarizes the proceedings of the panel 
discussion meeting of the Symposium on Fouling and 


Cleaning of Heat Exchange Equipment.! Fouling in water 


circuits, in steam power plants, in marine power plants, 
in the process industries, and the effect of fouling upon the 
design of equipment are covered by the papers of the panel 
leaders. Topics brought up during the general discussion 
include fouling by calcium-sulphate scale, the suitability 
of certain “‘cleanliness factors’’ used in marine-equipment 

- specifications, the use of additives to reduce fouling by fuel 
oil, and the effect of manufacturing tolerances and design 
upon the rate of fouling. 


INTRODUCTION 


4 HE fouling of heat-exchange surfaces presents problems of 
T great practical importance, but these problems are so com- 
plex that little progress has been made toward their solu- 
tion. The problems are common to many branches of industry 
_and therefore the Heat Transfer Division of the Society, in its 
role of furthering progress in the art and science of heat transfer, 
sponsored a Symposium on Fouling and Cleaning of Heat Ex- 
change Equipment.! 

The general purpose of the Symposium was to furnish a survey 
of the field and encourage the presentation of data on fouling. It 
was felt that such information would be immediately useful to 
those engaged in the practice of heat transfer, and ultimately 
would enhance the value of data now being obtained under non- 
fouling conditions. However, information on fouling is not easy 


to obtain nor is it ordinarily of a nature to permit generalization 
or justify publication. In the past it has been accepted generally 
that surface fouling takes place under such widely varying con- 
ditions and involves so many variables that each case should be 
treated specifically. Most problems have been studied from this 
point of view, and many techniques have been developed by 
which fouling can be reduced or the cleaning of fouled surfaces 
can be facilitated. Further extensive studies will be needed to 
clarify the many perplexing problems in this field, but it was felt 
that an important step in the study of fouling would be to bring 
to light some of the elusive factual data which are known to exist 
in fragmentary form throughout industry but which have never 
been published. 

The proposal of a Symposium to accomplish this purpose was 
well received, and a number of papers on fouling were obtained. 
In addition to the formal papers, a panel discussion was arranged 
to promote a general interchange of ideas and bring forth addi- 
tional topics which might not be considered suitable for formal 
presentation but which would be worthy of discussion. The panel 
discussion was arranged so that the five panel leaders discussed 
specific phases of fouling and answered questions pertaining to 
these phases. During the open discussion the participants re- 
corded their remarks for use in the preparation of a report of the 
meeting. The present report consists of a summary of the re- 
marks of the panel leaders, a brief coverage of the material pre- 
sented during the open discussion period, and the written discus- 
sion received after the meeting. The presentation is arranged by 
sections, each covering the topic of a panel leader, including the 
questions and discussion pertaining to that topic. 


Fouling in Water Circuits and Evaporators 
By L. F. COLLINS,? PANEL LEADER 


HE deposits formed from or by “fresh” water constitute 
the origin of a large number of fouling problems which are 
similar throughout the process industries. The deposits which 
originate through precipitation are usually referred to as scales 
or sludges, while those originated by biological organisms 
are commonly called slimes or barnacles. More complete defi- 
nitions are as follows: 
(a) “Scales” are dense deposits so firmly bonded to their sup- 
porting surfaces as to allow virtually no contact between the 
surrounding fluid and the covered surfaces. 


1 Papers presented in this Symposium appear in this issue of the 
Transactions, pp. 825-869. 

2 Detroit Edison Company, Detroit, Mich. he 

Panel discussion contributed by the Heat Transfer Division and 
presented at the Annual Meeting, New York, N. Y., November 28- 
December 3, 1948, of Tam AMERICAN SOCIETY OF MeEcHANICAL ENGI- 
neers. Chairman, H. B. Nottage, Research Associate, American, 
Society of Heating and Ventilating Engineers, Cleveland, Ohio. 
Mem. ASME. Recorder, O. P. Bergelin, Associate Professor, De- 
‘partment of Chemical Engineering, University of Delaware, Newark, 
Del. 
"Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


of the Society. 
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(b) ‘Sludges” are amorphous deposits and seldom are bonded 
to the supporting surfaces. Thus they are considerably less 
effective than scales in preventing contact of the surrounding 
fluid with the surface. 

(c) “Slimes’ are gelatinous deposits resulting from the multi- 
plication of microscopic organisms or the products of their life 
processes. 

(d) “Barnacles” are nodulelike deposits having semigranular 
outer shells bonded to the supporting surfaces and enclosing a 
slurry of putrifying micro-organisms. 

Scales are produced in water circuits through precipitation of 
mineral solids present in the influent. Sludges may be produced 
either by the precipitation of minerals present in the influent or by 
corrosive attack, which usually is originated by chemical reaction 
between the metal of the confining surfaces and deleterious gases 
present in the influent. Whether or not scales or sludges will form 
is dependent upon the nature and quantity of the foreign ma- 
terials present in the influent, and the physical conditions to 
which the water is subjected in use. The carbonate and sulphate 
salts of calcium are the most prolific scale producers because 
these salts are less soluble in hot water than in cold. In Figs. 1 


100"° 


Adopted trom 
.4 Ind. & Eng, Chem, 20 (1928) 1197- by Baylis 
2. JACS. 50 (1929) 2086 - Freor & Johnson 


SOLUBILITY AS PARTS PER MILLION C,CO, 


Fig. 1 Sonvusinity or Catcrum CARBONATE IN DISTILLED WATER 
ConTAINING CARBON DIOXIDE 
(pH values at 73 F, approximately.) 


100 200°¢ 


Adapted from: 
Bul. No. 15, Univ. of Mich. 
“Formation & Properties of Boiler 
Scoles.” by E.P. Partridge 


SOLUBILITY - PARTS C,S0,OR C,CO,PER MILLION PARTS OF WATER 


32 50 68 86 104 122 140 158 176 194 212 230 248 266 284 302 320 338 356 


Fie. 2 Sonupiniry or Catctum SULPHATE AND OF CALCIUM CaAR- 
BONATE FOR COMPARISON 
(CaCOsin equilibrium with normal CO2 content of the atmosphere.) 


and 2 their solubilities are shown as functions of temperature 
and pH value. 

No comparable criteria have been developed for predicting the 
sliming potentialities of a given water supply. Most slime- 
forming organisms are not of the type which cause disease, and 
thus when a water is subjected to a biochemical analysis for the 
purpose of evaluating its slime-producing characteristics, tests 
widely different from sanitary bacteriological tests must be made. 
Reasonably accurate procedures have been developed for isolating 
and identifying fouling organisms, but establishing their presence 
does not establish whether prohibitive amounts of slime will or 
will not form. As a result it is usually prudent to assume that 
any natural water is a potential source of slime unless sterilized 
by chemicals or by heating. A rough classification of the organ- 
isms most often responsible for slime is given in Table 1. 


PREVENTION OF FOULING IN FRESH-WATER 
CrircvuItTs 


The expedient to be adopted to prevent fouling in a fresh-water 
circuit depends upon the “type” of water used. The analyses in 
Table 2 attest the types of water usually available to industry in 
the United States. The “hardness” of a water is an index of its 
scaling potentialities, and as shown in Table 2, some waters con- 
tain very low concentrations of hardness imparting salts even 
though they may be highly mineralized (1).* Such waters are 


3 Numbers in parentheses refer to the Bibliography at the end of 
the Panel Discussions. 
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TABLE 1 COMMON SLIME FORMERS 


ALGAE 
Single celled, sometimes form slimy sheets. 
Many celled, form either sheets or fronds. 
Funai 
Bacteria (Schizomycetes) frequently form slimy surface coatings. ! 
Slime molds (Myzxomycetes) form slimy sheets as one state of theif} 
life history. ; 
Sac fungi (Ascomycetes) of which one division, the yeasts, occasional} 
form slimy aggregates. ; | 
Algalike fungi (Physomycetes) and stalked fungi (Basidomycete si 
rarely form slimes but their filaments may hold together the slimes i 
of other organisms. 


Substance Unit {1] (2] (3] [4] [5 
Silicaxaawacs. Lanes. ase SiOz 2 12 10 9 2 
TT Opes Rises comencelene ee eatett Fe (0) 0) 0 
Galetantss42. Ries. eee, PCa 6 36 92 96 
Maenésivinive. sass teueeice Mg 1 8 34 27 is 
SOdiuinien a mee ee alae Na 2 if 8 183 21 
Potassiums vijis7¢r. <waisiewe OS 1 if 1 18 10% 
Bicarbonate... os vase HCO; 14 119 339 334 54 
Sulphate titer e ae ele: SO4 10 22 84 127 i 
Chloride ici Sisiiwse es aes Cl 2 13 10 280 2 
Nitrate). seercs pss osseee sar NOs; 1 0 13 0 
Dissolved solids........... tne 31 165 434 983 56: 
Carbonate hardness........ CaCOz 12 98 2870 at 
Nonecarbonate hardness... CaSO« 5 18 58 54 


[1] Catskill supply, New York City. 

[2] Niagara River (filtered), Niagara Falls, New York. 
[3] Well waters, public supply, 30-60 ft, Dayton, Ohio. 
4] Well water, 2090 ft, Maywood, Ill. 

5] Well water, 330 ft, Smithfield, Va. 


Norte: All values are parts per million of the unit cited to nearest wholafi 
number. 


unlikely to cause scale unless concentrated as by evaporation} 
For any given water, at temperatures up to about 200 F, tha} 
tendency to form a calcium-carbonate scale can be judged b 
means of the graph and nomogram reproduced in Fig. 3. By 
means of these data it is also possible to calculate the amount off} 
acid which should be added to a water to thwart the deposition off) 
solid calcium carbonate. 

In some instances it is possible to prevent scale deposits byi} 
employing “‘threshold treatments” (2, 3), and dispersive agentsJp 
Where temperatures exceed about 200 F, complete softening, agi) 
by zeolites or precipitation, provides the only guarantee of free-+ L 
dom from scale. However, complete softening of most natural} 


tent that fouling will result from the accumulation of corrosion 
products. 

In spray ponds and cooling towers of the open type, especially} 
those having areas accessible to sunlight, light-loving algae 
growths are likely to cause blocking of the distribution piping and 
troughs with a slime that is usually stringy in character. For the 
control of such slimes the chemicals commonly used are chlorine} 
gas, sodium and calcium hypochlorites, the sodium salts ofif 
chlorinated phenols, potassium permanganate, and copper sul} 
phate. Neither the phenols nor copper sulphate will remov. 
slime that has already formed, but chlorine gas can be used for) 
this purpose. In open recirculating systems, continuous use of 
small quantities of chlorine is generally most satisfactory, but in 
once-through systems where large quantities of water are used,| 
intermittent treatment a few times each day usually will result in|] 
satisfactory slime removal and chemical economy. After such} 
cleaning the other chemicals may be used to prevent the re-estab- 
lishment of slime in the system. 


The removal of green algae from a cooling tower should never | 


be used as an indication that the slime-forming organisms on the} 
heat-exchanger surfaces have been removed. The more resistant} 
slime formers which so materially reduce heat-transfer efficiency) 
often will be unaffected by treatment which eliminates algae} 
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COLUMN t COLUMN 2 COLUMN 3 
PIVOT LINE Ca CaCO9 
7.5 142.5 
oF 
x 
. 7.0 2-45 
x 
Re eg 3447.5 
tb 5 +o 
a 5 
6 41s 
2 6.0 
ro} 8 +20 
o 10425 
ra 5.5 
i 154 37.5 
fo) 
a 20-50 
4 $.0 
z 30475 
res 40-4100 
a 4.5 5044125 
« 60-4150 
2 
- 40 804 200 
ha 1004 250 
$ 
Py ate 1504 375 
200-4 500 
© 100 200 300 400 500 600 700 600 3.0 300-4 750 
FOTAL DISSOLVED SOLIDS IN PARTS PER MILLION Booclioos 
$00 i250 
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COLUMN 4& COLUMN $ 
ety 2A 
12.5 : 
ns 
2 
11.0 
3 
10.5 4 
Ss 
10.0 6 
Bs 8 (Data required for determining 
s Ke) pH saturation. 
9.0 15 (1) Total alkalinity, as parts per million 
of CaCOs. 
8.5 
(2) Calcinm in parts per million. 
8.0 
(3) Total dissolved solids. in parts per 
75 million. “ 
55 (4) Temperature, in degrees centigrade, 
: at which pIT saturation is desired. 
6.5 
6.0 
Sis 
5.0 
4.5 


GRAPH AND NOMOGRAM FOR DETERMINATION OF PH SATURATION BY LANGELIER’S FORMULA 


(Applicable within pH Range 7.0—9.5) 


*Based on article in Oct. 1936 issue of American Water Works Association Journal and later corrections for Tables 2 and 4. Prepared for Charles P. Hoover of the Columbus, 


| Ohio, Water Softening and Purification Plant by M. L. Riehl. 


Instructions for Using Chart: 


1. Knowing temperature and total dissolved solids, find temperature and total 
solids constant on Col. 1. 


2. Align this constant with given value of calcium on Col. 3 of Chart, then locate 
point on Col. 2 of Chart (Pivot Line). 


oh ie ie point on Pivot Line with given alkalinity on Col. 5; read pH saturation 
on Col. 4. 


Saturation index is pH actual minus pH saturation. 
E. G.—pH actual. pH saturation. Saturation index. 


7.6 8.1 —0.5 (corrosive) 
&.4 7.8 +0.6 (scale forming) 


Fie. 3 Nomocram ror DxrTERMINATION oF PH SATURATION 


completely. In equipment where light is excluded, and this is 
true of most heat-transfer surfaces, slime formations are due to 
fungi. Bacteria form a thick soft slime, while yeasts and molds 
form tough rubbery slimes. Chlorine and hypochlorite solutions 
fed intermittently are used to prevent such slimes, and only on 
Tare occasions does shock treatment with chlorine fail to yield 
measurable benefits. While ultraviolet light has been tried as a 
means to prevent slime formation, no satisfactory installations 
have been reported. 

_ A considerable amount of research has been done, especially by 
the marine services, to discover antifouling paints and metals 
immune to fouling. No information has yet been published in- 
dicating that such a paint has been formulated or that a non- 
fouling metal which is resistant to corrosive attack has been 
found, although some progress has been made (6), (7). 


Discussion 


F. M. Aneuist.t The problem of fouling by solutions con- 
taining large amounts of calcium sulphate is still unsolved as 
shown by the following example: The case in mind was a cone- 
type steel-shell brine evaporator with 4100 ten-foot-long 2-in. 
copper tubes rolled into a steel tube sheet. This piece of equip- 
ment held 50,000 gal of brine, loaded with calcium sulphate, 
which deposited a scale that varied from 1/2 to */, in. in thickness. 
Photographs and inspection showed that there were variations in 
the thickness and nature of the deposit, but analysis showed it to 
be 100 per cent CaSO, with just traces of silica and iron. The 
deposits were hard and the use of a turbine to cut the scale re- 
sulted in cutting the copper tubes. Sometimes as many as 50 to 
60 tubes were cut in trying to remove the deposits in this man- 
ner. 


4 The Dow Chemical Company, Midland, Mich. 


Various solvents for CaSO, were studied, but the internal 
economy of the plant indicated the use of sodium hydroxide which 
is a fairly good solvent, but not in low concentration as stated in 
Perry’s Handbook. In this case 50 per cent caustic was used and 
reacted with the scale to form lime and sodium sulphate. A 
peculiarity of this concentration is that neither the lime nor 
sodium sulphate is soluble in caustic. In one cleaning test the 
evaporator was filled with 48 to 50 per cent caustic and kept at 
230 F for 5 days with constant circulation. In the first part of the 
treatment, which lasted 3 days, the concentration of NaOH 
dropped from 49.6 to 47.6 per cent, and reaction products in the 
form of suspended particles of lime and Na2SO, amounted to 15 
per cent by weight of the total liquid. This suspension was 
pumped to a settling tank, fresh 50 per cent NaOH solution was 
put into the evaporator, and the circulation continued for 2 more 
days. Inspection between stages showed that the deposit had 
been removed to some extent but the tubes were far from being 
clean. 

The second stage was continued for 2 days, during which the 
concentration of NaOH dropped to 45.4 per cent. The concen- 
tration was then increased to 48.2 per cent by evaporation and 
more 50 per cent NaOH was added. In the next day and three 
quarters the concentration dropped to 46.9 per cent. The clean- 
ing was stopped at this point when it was observed that there was 
a large increase in the amount of sludge in a sample, the am- 
perage to the circulating pump increased from 170 to 220 amp, 
and there was a temperature difference above and below the tubes 
indicating poor circulation. The suspension was removed and 
the increase in solids was found to be 14 per cent, similar to the 
first stage. 

Inspection of the evaporator showed that approximately 90 
per cent of the deposits had been removed, but deposits still re- 
mained on certain parts of the tubes, indicating that the deposits 
were not laid down evenly. The same condition exists in boilers 
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where, with the same water, there will be more fouling in one 
tube than in another. There are of course different temperature 
conditions, which probably sums up our present knowledge of the 
problem. The samples of scale taken at the start were 100 per 
cent CaSO,, but the deposits remaining after the second stage 
were 85 per cent calcium hydroxide, which is one of the products of 
the reaction. In the first stage 98,500 lb of solids were removed, 
and in the second stage 92,000 lb, or a total of 190,500 lb. The 
evaporation increased 45 per cent to 50 per cent and the rate 
of steam condensation from 55,000 to 85,000 lbs per hr, indicat- 
ing that good efficiency was obtained by the cleaning process. 
However, this method of cleaning is not satisfactory. A better 
solvent and a shorter cleaning time are desired. The method 
requires entirely too much outage, and the people who are inter- 
ested in doing research on fouling still have a problem with cal- 
cium sulphate. 


E.J.Remscurrp.> Large mercury-arc electric current rectifiers 
require cooling which is usually furnished by recirculating water 
through the water jackets of the rectifier and a water-to-water 
heat exchanger. Corrosion within the recirculating system, 
which is largely made of iron, is minimized by using distilled 


5 Blectrical Engineer, The General Electrical Company, Schenec- 
tady, N. Y. 


Fouling in Steam Power Plants 


By W. L. WEBB,’ PANEL LEADER 


ECAUSE of their effect upon the capacity and economy of 
steam power plants, plant operators are particularly con- 
cerned with the performance of surface condensers, feedwater 
heaters, and evaporators. Surface condensers usually present the 
most serious fouling problem, with waterside deposits more 
common than steamside fouling. 

Most feedwater-heater fouling apparently occurs in a feed 
temperature range of 300 F to 450 F, with most of the fouling on 
the water side. Fouling of one heater in the cycle results in 
greater heat absorption in the succeeding heater, thereby increas- 
ing the flow from the next higher pressure bleed point at the ex- 
pense of the lower bleed point. The fouling of the highest pressure 
feedwater heater in the cycle conceivably might increase the 
turbine output, but the cycle efficiency always will be affected 
adversely. 

For a given plant, after the economic and practical limits of 
steam and feedwater quality control have been established, it 
appears probable that the rates of fouling of both water and 
steam sides of heaters and the steam side of condensers are be- 
yond the control of the plant operator. 

Except in plants where evaporator capacity has little margin 
over make-up requirements, evaporator fouling on the water side 
normally presents no serious problem. The crackability of scale 
produced by evaporator feedwater in some instances has been 
adjusted satisfactorily by internal chemical treatment. Pre- 
softening the feedwater and employing continuous blowdown 
usually entirely eliminate scale. The requirement of limiting to a 
minimum the admission of sludge and scale-forming contaminants 
to the cycle calls for best possible evaporator vapor quality which, 
in turn, materially reduces the problem of evaporator-condenser 
fouling. 


§ Mechanical Engineering Division, American Gas & Electric 
Service Corporation, New York, N. Y. 
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water containing 0.1 per cent sodium chromate as an inhibitag| 
or by using an approved tap water containing 0.5 per cent sodi 
chromate. Ten years of service without appreciable fouling hig} 
been reported by installations using distilled water When tagi 
water is used, adequate control of fouling is obtained by flushia [ 
out the system to remove sludge approximately every 5 years. | l 

The water-to-water exchanger is installed with the raw wa 4 
flowing through the tubes in anticipation of considerable foul 
from most raw waters. Experience has shown that among tif} 
types of deposits which often occur are loose calcium-carbonal 
sludges, hard calcium-sulphate scale, magnesium-dioxide | 
posits, and voluminous tubercles from corrosion of the iron in t I 
system. | 

Both mechanical and chemical cleaning have been used suf 
cessfully on the tube side of these heat exchangers. Removal 
end plates are provided to aid in mechanical cleaning. Chemicg] 
cleaning can be accomplished by using either a solution containig}} 
5 per cent by weight of oxalic acid, or a solution of hydrochlo if | 
acid with a suitable inhibitor. The solution is circulated through} 
the tubes at temperatures up to 50 C for rapid cleaning. 
traces of acid must be washed out or neutralized after cleanin 
A solution of 1/2 0z of trisodium phosphate per gallon of water 'f 
suitable for a wash solution. Care in the original design arias 
planned maintenance have resulted in successful operation wi | | 
raw waters of widely varying cleanliness and mineral content. |} 


NATURE oF DeEposits 


In condensers the most common waterside deposit is sli 
usually consisting of cooling-water suspended matter attached 
the tube walls by algae and bacteria or their gelatinous was} 
products. Periodic sterilization with chlorine or chlorine-coa} 
taining compounds usually prevents slime deposits, the contr} 
conditions being dictated by the types of growths encountere#| 
In some instances thin hard scales containing silicates of calci | 
aluminum, and magnesium, iron oxide, and organic matter aij) 
encountered. The main constituents of steamside deposits a: i 
usually iron oxide and organic matter, frequently includi 
oil. 

Waterside heater deposits are commonly iron oxide, copp}. 
oxide, and occasionally oil. The mechanism by which iron Ox1G} 
is deposited has not been explained fully, but it seems probabil} 
that the iron is not in true solution but rather in a colloidal soll) : 
tion. Its deposition in certain parts of the cycle seems aaa f 
to be influenced by temperature. On the steam side, the ds ; 
posits usually are similar except for the presence of small peli 
centages of boiler-water salts. Oil leaving the boiler by steadl}) 
distillation may undergo partial decomposition and, upon reacl| 


i 
1 
| 


coatings deposited on steamside tube surfaces are highly rij} 
sistant to conventional cleaning solvents. | 

In the water phase, iron oxide absorbs oil and deposits it over | 
specific temperature band as a jellylike substance that is co } 
paratively easy to remove. It is perhaps significant that tll) 
composition of heater deposits is not influenced greatly by thi 
nature and quantity of the contaminants which tend to produg 
boiler scale. Ammonia and carbon dioxide can cause seve} 
corrosion, and normally, the proper protection is to get rid of th 


gases before they enter the feedwater heaters. Ordinarily thi} 
il 


| 
an be done, where evaporators are used, by degassing the water 


horoughly before it enters the evaporator. A plant deaerator 
Iso helps in removing gases. Of course during the operating 
eriod, the feedwater heaters must be vented thoroughly to re- 
aove these gases from isolated spots back of baffles, etc. Gen- 
rally, this type of corrosion takes place in dead spots where the 
jases can accumulate and remain while the reaction takes place. 


MeErTuHops oF CLEANING 


The selection of the mechanical or chemical method to be em- 
iloyed for cleaning fouled heat exchangers should be governed 
Wy its respective effectiveness, cost, and the equipment outage 
ime necessary. Chemical methods are often the most economical 
or the waterside of heaters and are substantially the only means 
cleaning the steamsides of heaters and condensers. Some 
wpes of loosely adherent deposits can be removed effectively from 
jhe waterside of condensers by means of metal or bristle tube 
dleaners, or rubber plugs. In certain instances these may be 
more economical than chemical cleaning, particularly where the 
water box and circulating piping require a large volume of solvent 
in proportion to the area of fouled surface. 

Inhibited hydrochloric acid is the customary cleaning solvent, 
although a pretreatment with a caustic solvent occasionally is 
required when the percentage of free oil in the deposit is high. 
Surface-active agents are helpful and, where oil has not progressed 
to the varnish stage, alkaline oxidizing agents sometimes can be 
used to advantage before acid-cleaning. Acid-solvent tempera- 
tures are adjusted to a maximum of 150 F, and 120 F, where steel 
and cast-iron surfaces, respectively, are involved. Acid con- 
centrations and contact periods customarily are based upon 
laboratory solvency tests, preferably upon representative tube 
specimens with deposits in place. The effect of acid-cleaning 
upon the ultimate tube life has not been determined fully, but in 
one particular case eight or more acid cleanings of feedwater 
heaters apparently have had no effect upon tube life. 

In cleaning exchangers chemically, special precautions must be 
taken against injury to equipment and personnel from contact 
with the solvents and from explosions of evolved gases. The 
vents from the water sides of condensers should be carried out of 
the building, and rapid air circulation provided above the solvent 
level on the steam side by opening manheads and atmospheric 
relief valves, and inducing upward air flow in the exhaust stacks 
by means of a steam jet. 


ESTABLISHING THE NEED FOR CLEANING 


When new feedwater heaters and condensers are installed, 
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their performance characteristics should be checked while the 
equipment is known to be relatively clean. Thus a bogey can be 
set up to which subsequent performance data can be compared. 
Unfortunately, the urgency of getting new equipment in service 
usually precludes such tests. Lacking such initial test data, a 
reliable bogey can be established from specification sheets em- 
bodying TEMA standards for heat transfer, or upon the basis of 
best obtainable performance. The latter is particularly true of 
old units which, after being thoroughly cleaned, as demonstrated 
by examination of representative tube specimens, may still give 
poor heat transfer in terms of current TEMA standards. Stage 
heaters similarly may operate for long periods at terminal 
differences somewhat greater than design, even though liberal 
allowance is made in heat-transfer surface to permit some 
fouling. 

Feedwater heaters are cleaned when the terminal temperature 
differences become excessive. Although means of by-passing the 
high-pressure heaters is customarily provided, heater cleaning 
usually is fitted into the schedule when more important work calls 
for a major outage. In some of the newer installations, permanent 
facilities are provided for cleaning the high-pressure heaters 
chemically. 

In order to allow for some fouling of heat-transfer surfaces, 
without affecting plant performance seriously, most modern 
condensers are designed on the basis of a heat-transfer rate 
equivalent to 85 per cent of the rate with commercially clean 
tubes. Actual performance is often 90 per cent or less of design 
value. 

In routine practice, the condenser vacuum is compared with 
expected vacuum on the basis of condensate flow, vacuum for 85 
per cent tube cleanliness, and rated cooling-water flow. Should 
the difference between actual and expected vacuums exceed the 
value specified for the particular unit, test data are taken to 
determine the heat-transfer rate which then is compared with the 
accepted standard for the unit. Based on previous knowledge of 
probable vacuum gains and their duration for specific methods of 
cleaning, a comparison of the costs of cleaning, and the value of 
unit outage time with the fuel savings, and the probable increase 
in capacity, will permit a decision as to whether cleaning is Justi- 
fied and what means can be employed economically. 

If a condenser becomes fouled to the extent that the vacuum is 
reduced by 1 in. Hg, the heat requirement will be increased 200 to 
500 Btu per kwhr. If a heater becomes fouled such that the feed 
temperature to the boiler is decreased 1 deg F, the heat require- 
ment will be increased 1 to 2 Btu per kwhr. These rough rules 
indicate the effects of fouling. 


. Fouling in Marine Service 


, By D. F. KINERT,’ PANEL LEADER 


_ AN operating engineer in the Fast Carrier Task Forces has 

ample opportunity to observe the practical operation of 
modern marine heat-exchange equipment. The reliable opera- 
tion of this equipment unquestionably has a direct bearing on the 
ability of the ship’s engineering department to keep the Admiral, 
the Captain, and the crew in a desirable state of contentment and 
to maintain the morale of the engineer officer at a suitable level. 
The distilling plant is without doubt one of the key factors in this 
problem. There are no sadder words than those announcing 


7 Commander, U.S.N., Bureau of Ships, Navy Department, Wash- 
ington, D.C, The opinions expressed by Commander Kinert are not 
to be construed as expressing the official views of the Bureau of Ships, 
The Navy Department, or the Naval Service. 


water-conservation measures, resulting from the failure of the 
evaporators to keep up with demand. 

In general, heat-transfer equipment in marine practice chiefly 
handles condensing steam at various pressures, fresh water, salt 
water, fuel oil, lubricating oil, compressed air, or refrigerants. Of 
these fluids, fuel oil, and salt water are generally the most trouble- 
some. While the steamsides of exchangers occasionally are 
contaminated with oil, it is generally susceptible to removal by 
simple boiling-out processes employing detergents. The cor- 
rosion of steamside surfaces is not usually significant. Fresh 
water on board ship is reasonably free of hard scale-forming salts 
because of its production from sea water through distillation meth- 
ods. Where fresh water is used in indirect interna]-combustion- 
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engine cooling systems, the addition of inhibiting agents gener- 
ally reduces jacket corrosion to a negligible problem. Oil con- 
tamination is removed from such units in the same manner as 
outlined in the foregoing for steam sides of other units. Lub- 
ricating oil is a generally clean product, and the temperatures 
encountered in marine practice are not usually productive of 
excessive fouling. 


Magor Foutine ProBLEMS 


Fuel oil is a dirty product full of tars and carbonized particles. 
The fouling problem in fuel-oil heaters increases sharply with 
viscosity since this controls the temperature to which the oil must 
be heated. Low velocities and overheating are particularly 
troublesome. The lighter grades of fuel offer the distinct ad- 
vantage of requiring a reduced heat input coupled with considera- 
ble solvent action. Heaters are generally vastly overdesigned 
in respect to these lighter fuels since the heaters must be capable 
of handling more viscous fuels. As a result, the fouling problem 
is not ordinarily critical, except when the heaviest oils are used. 
Chemical-solvent methods can be used periodically to eliminate 
accumulated deposits, the usual cleaning agent being trichloro- 
ethylene. 

Salt water is the problem child of the marine heat-exchanger 
media, being capable of producing corrosion deposits, or deposit- 
ing directly mineral salts of either the carbonate or sulphate type, 
and of introducing sea life into the heat exchanger. — Of all these 
effects, the scale deposits in distilling plants have been the major 
concern. This problem is particularly acute in the vapor-com- 
pression type of distilling plant because of the small margin in 
available temperature difference, and the excessive power con- 
sumption when any large amounts of scale are present. 

It is not intended, however, to minimize the importance of scale 
deposits in the conventional double or triple-effect evaporator 
where, under the best of continuous operating conditions, the 
average output is reduced considerably below the optimum clean- 
tube output. For example, in order to maintain capacity, it is 
customary to employ ‘“‘cold-shock”’ treatments on a daily basis to 
crack off the scale thermally. This routine in itself results in an 
outage time which reduces the average daily operating time by 
several per cent in order to maintain hourly production rates at 
a reasonable figure. Furthermore, cold shock is not entirely 
effective, thereby requiring outages of considerable magnitude for 
more complete cleaning by laborious mechanical methods. 


Continuous TREATMENT OF Raw Evaporator FEEDWATER 


Some success has been achieved through the continuous treat- 
ment of the raw evaporator feedwater by injection of boiler com- 
pound, considerably fortified by ordinary cornstarch. This 
method has shown considerable promise where the treatment has 
been controlled carefully, but there is a definite sensitivity to the 
concentration used. For example, a relatively minor excess of 
starch will result in the deposition of a starch layer on the tubes 
which can be as detrimental to heat transfer as the scale it elimi- 
nates. It is quite probable that more effective treatment agents 
can be devised. 

The characteristics of sea growths make them generally vulnera- 
ble to rather small increases in temperature above the normal 
growth environment, and for this reason, many types of marine 
heat exchangers are not subject to this source of fouling. Cer- 
tain shore utility stations near the sea have employed mild chlori- 
nation methods to reduce sea-growth effects in surface-condenser 
systems. The adaptability of this method to sliming problems 
would appear worthy of further investigation. 


RECOMMENDED RESEARCH ON FouLiIna PRoBLEMS 


The foregoing outline covers briefly the usual fouling prob- 
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lems of marine practice, but does not contribute greatly tow; 
raising this subject to a refined technological art. Treati 
backed by reams of data on clean-surface performance he 
been written concerning practically every important type of he 
exchange equipment and combination of fluids, but ther 
almost no information available for the prediction of fouling ra 
their effect on heat transfer, and methods to reduce fouling. 
result, in the marine field there has been a general tenday 
among designers to provide generous fouling allowance. 
addition, for certain equipment in which fouling is most noti 
able, there have been definite attempts to minimize its occ) 
rence. A typical example is the employment of low operati 
temperatures in distilling plants to avoid the formation of he 
sulphate scales. [ 
From the operator’s viewpoint, the designers have done } | 
splendid job of insuring reliable performance of marine helfl 
exchange equipment in spite of any actual fouling encounter i 
However, from a broader viewpoint the modern naval or merchaqy, 
vessel can ill afford to have any portion of its installed equipmeq) 
one pound heavier than absolutely necessary for reliable perfor 
ance. Excess equipment weight imposes a detrimental eff 
on the available pay load of a vessel whether it is in terms of rari 
and offensive power, or cargo-carrying capacity. Therefore it) 
recommended that each of the following fields be exploited 
raise the standards of design knowledge concerning fouling pra 
lems in heat exchangers: | 


| 
f 
i 
WH 
; 
I} 
| 
| 
} 
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C2 ANT 


(a) Basic research into the mechanics and chemistry of " 
various types of fouling, particularly as to the effect of surfa 
temperature, velocity of flow and heat-transfer rates for the va) 
ous heat-transfer fluids, upon the change of heat-transfer a 
efficients with operating time. Essentially, this comprises | 
application of a time factor to basic heat-transfer data. 

| 
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Ra 


(b) Translation of these basic data into a form suitable 
practical design work with a particular view of establishing ref! 
sonable fouling allowances. | 

(c) Investigation of practical measures to reduce the rate | 
deposition of fouling deposits through the employment of suital] 
design parameters as regards fluid velocities, heat-transfer rate 
and equipment configuration. i 

(d) The further development and application of inhibitin} 
agents to heat-transfer fluids. 

(e) The further development of simple, economical, and qui 
means of cleaning heat exchangers with maximum safety to t 
equipment and operating personnel. 


Ey ERD 


) 


| h 
Ht a 
SuMMARIzED Discussion Hi | 

A. Devore.’ How can you reconcile the otherwise general ; 
conservative practices in the marine field with the ‘percent . 
fouling” usually appearing on United States Coast Guard ar 
United States Maritime Commission — specifications? Fa 
example, fuel-oil heaters take a 50 per cent cleanliness facto | 
while feedwater heaters generally call for 90 per cent cleanlj} 
ness factor. For conservative practice these figures should Hill 
reversed. i] 
ComMANDER Kinert. In my experience I do not think iI 
agree with you. Generally, I have noted that fuel oil was mua! 
more of a fouling agent than straight fresh feedwater. O Hi) 
condition to be considered is that the operator has better contr ' 
over the feedwater heaters than the oil heaters which must handil|) 
whatever oil is available. It 
A. Devore. In the case of a straight-tube fuel-oil heated! 
given an allowable pressure drop with an order of magnitude of i 
to 20 psi, an oil-film heat-transfer coefficient in the neighborhoo}|| 
of 20 or 30 is obtainable for the common grade of fuel oil, Bunkel) 


8 Chemical Engineer, Davis Engineering Company, Elizabeth, Ne: 


. Ordinarily, for industrial work you would apply a fouling 
jetor or dirt factor of 200, in other words, a correction of 0.005 
ji the magnitude of the over-all resistance. Now, if you take 20 
jid simply halve it, you are cutting the coefficient down to 10, 
/hereas if you apply a correction factor of 0.005, you might cut it 
fywn to 18 or 19. In the case of a feedwater heater where at 
}mes you have water-film coefficients in the neighborhood of 1000, 
"you have a fouling factor of 2000, you are cutting that film 
dwn by approximately 33 per cent, whereas if you take 90 per 
mnt of 1000, you are taking hardly any correction at all on the 
‘edwater heater; so you see the two things are reversed. 

These specifications were arrived at, supposedly, in order to be 
‘aning over on the conservative side, but they have achieved 
‘actly the opposite results. I cannot understand why the Mari- 
‘me Commission and the Coast Guard do not adopt the common 
ractices that have been adopted, for example, by TEMA, which 
"e very conservative. 
F. G. Freeney, Jr. A factor is involved in this which Mr. 
‘rmstrong has given us a lead on, I think. I agree with Com- 
hander Kinert very strongly that the steamship operator, or in 
‘ur case the power-plant operator, has some real control over his 
sedwater, but he has no control whatever over his fuel oil. This 
aeans of course that somehow or other he can contrive to keep 
is feedwater heaters clean but he cannot do much to keep his oil 
‘eaters clean. Therefore he needs a much greater factor of 
lesign. The other point is of course that fuel-oil heaters are 
Imost invariably made with steel tubes, while feedwater heaters 
re normally made of some nonferrous metal, particularly in 


* Mechanical Engineer, Union Carbide and Carbon Corporation, 
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marine work, 70-30 cupro nickel or thereabouts. I believe Mr. 
Armstrong intimated quite strongly that you could rely on some- 
what lesser fouling factors with the nonferrous tubes than you 
could with the steel tubes, which means that, as I see it, those fac- 
tors are somewhere nearly in line with the anticipated operating 
conditions. 

A. Drevorn. I should like to comment on Mr. Feeley’s re- 
marks. His contention is that a much greater factor of design is 
required to keep a fuel-oil heater operating than would be required 
for a feedwater heater. True! There is nothing in my remarks 
implying anything else. TEMA specifies a dirt factor of 0.005 
for fuel oil and 0.0005 for boiler feedwater (velocity 3fps). Thus 
the magnitude of the dirt factor for oil is 10 times that for the 
water. On the other hand, use of 50 per cent CF for the oil and 
90 per cent for the feedwater accomplishes the following undesira- 
ble results: 


1 The fuel-oil heater is too large and therefore too expen- 
sive. The resulting low velocities cause greater fouling rates so 
that little, if any, time is gained between shutdowns. 

2. The feedwater heater is undersurfaced because the 90 per 
cent CF does not even come close to decreasing the over-all 
coefficient to the same degree that a dirt factor of 0.0005 would. 


The argument that there is very little, if any, control over the 
type of fuel oil is irrelevant. The heater already has been de- 
signed for the worst possible condition by assuming that the oil 
handled is the most viscous grade, Bunker C. The argument 
that ferrous metals rather than nonferrous metals are employed 
to handle these oils is also irrelevant, as the heavily weighted dirt 
factor of 0.005 given by TEMA is based on actual field experi- 
ence. 


Fouling in the Process Industries 


By R. L. CLAPPER,” PANEL LEADER 


J HE problems caused by the fouling and cleaning of heat 
ii exchangers in the process industries are not simple ones 4nd 
yarrant extensive research both in design and operation of equip- 
nent. The fouling factors proposed by TEMA, based upon field 
lata and good judgment of various designers, are quite commonly 
ised and generally will provide reasonable cleaning periods with- 
ut abnormal interruption of the process. However, abnormal 
lirt factors are often encountered when least expected, and are 
mpredictable and cannot be accounted for in design. They may 
Ye due to conditions beyond the control of the designer and may 
esult in the unbalanced operation of a process with a considera- 
Je Joss of total production or a loss in quality of the product. 
flany operators are not accustomed to think in terms of dirt fac- 
ors and often believe that a unit is reasonably clean when in 
eality the dirt accumulation may have reduced the over-all 
ransfer rate to a value of 30 to 50 per cent of that guaranteed. 
n many such cases the unit is then thought to be too small for 


he duty. 


CausEs or ABNORMAL Dirt Factors 


Some of the principal causes of abnormal dirt factors are as 
ollows: 

Fouling Before Exchanger Is Used. Fouling may be due to 
mproper protection of the heating surfaces before the time when 
;is placed in operation. Steel parts will corrode rapidly if mois- 
ure is allowed to accumulate in the unit. Protective coatings 


10 Head of Service Department, The Griscom-Russell Company, 
Yew York, N. Y. 


may be applied to the surfaces, but care must be taken to remove 
the coating thoroughly before operation begins. No protective 
coating is known which will prevent fouling during operation and 
still give a satisfactory heat-transfer coefficient. 

A satisfactory method of protection is to air-dry all surfaces 
and seal the unit immediately after fabrication. Bags of mois- 
ture-absorbing chemicals may be placed inside the unit to take 
care of any moisture that penetrates the seal. The connections 
remain sealed until the unit is installed. 

Poor Design and Arrangement. Heat exchangers should be 
specially designed when liquids or vapors are known to contain 
sediment or to have coking characteristics. Sediment or coke 
will quickly settle out in low-velocity areas, particularly around 
baffles and heads of tubular bundles, and also in the tubes them- 
selves when small-diameter tubes are used. This condition may 
be encountered in processes where liquids normally carry solids 
in suspension, such as clay for gasoline treatment, wax-bearing 
oils, char water in paper industries, vegetable oils, and heavy fuel 
oils. 

In designing for such conditions, it is desirable to force liquids 
through as few parallel streams as possible in order to maintain 
high and continuous velocities throughout the exchanger. Per- 
missible pressure loss often prevents the best possible design, and 
it would be well if, in these cases, the user could be prevailed upon 
to provide higher pumping heads. We have records of properly 
designed units, operating continuously for more than 1 year on 
heavy-duty coking-characteristic fluids, where a conventional 
tubular exchanger would require cleaning within only a few weeks 
on similar duty. A photograph and a section of one type of unit 
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is used. A reduction of the rate of heat transfer to one hal} 
that guaranteed is easily possible. The fouling usually is 
detected by the operator until the maximum duties of the! 
changers are required during the summer when the maxing 
cooling-water temperature occurs. 
To retard the prevention of scale it is necessary to have eno 
water to keep the temperature from rising too high. In gene 
on sea water the outlet temperature from an exchanger sha 
not be over 110 F, and for normal fresh water not over 120 F. 


it also may result in rapid sediment deposits if river w | 
) 
t 


i) 


| 


ity should be above 4 fps second and usually, depending uj 
design conditions and the allowable friction loss, the velog 
will be less than 9 fps. 

In condensing units, rapid deposition of materials from the p 
ess may occur on the outer tube surfaces due to the chilling eff 
of cold cooling water in winter In oil-cooler units a dewax 
of the oil may occur owing to low cooling-water temperature, 
often the wax will remain on the surface even after warmed ! 


| 
prevent deposits of mud and silt in a water-cooled unit, the veh 


| 


Fie. 4 (Left above and center)—Onr Tyrr or ExcHANGER DxEsiGNED ror ConprITIONS OF SEVERE FOULING 


: 
i 
i 
(Courtesy of The Griscom-Russell Company.) H} 


designed to combat high rates of fouling are shown in Fig. 4. 

The installation of units in parallel in order to simplify piping 
or make use of a single pump often causes rapid fouling in some of 
the units. In one particular installation, 23 heat exchangers, 
involving several duties, took water from a common header and 
discharged into a common header so that there was a fixed 
pressure drop across all units. Scale accumulated in the hotter 
units and caused lower water circwation, which in turn accelera- 
ted the formation of scale in these units. After several months 
some tubes in the hotter units were completely plugged while the 
cooler units were still in good condition. ‘ 

Decrease in Liquid Flow. Generally, exchangers are designed 
large enough to meet the maximum operating conditions. As an 
example, a jacket-water cooler must be able to meet the maxi- 
mum cooling requirements with the maximum available water 
temperature. This unit would then be considerably oversized 
for winter operation, and ‘under these conditions, the opera- 
tor might decide to throttle the flow of cooling water in order 
to maintain a reasonable water temperature to the engine jackets. 
Such operation will result in high tube-wall temperatures with 
consequent scale deposits and, due to the low water velocities, 


culating water is available, so that complete chemical cleanin 
required to restore the cooling capacity of the unit. These cong} 
tions cannot be corrected fully by exchanger design, but multigij 


f 
i 
small units may be used to advantage since one or more k 
F 


the small units may be by-passed as the cooling-water temperat , 
decreases. Full circulation is thus maintained through the uni 
in use and prevents sediment deposits. The most desirab 
method to allow for changes in cooling-water temperature is a 
recirculation of water in order to maintain the inlet-water temper} 
ture near that for which the unit was designed. Recirculatio 
however, generally requires additional pumping and contr} 
equipment which complicates the piping system and increases t 

cost of the installation. 

Excess deposits of carbon from heavy fuel oils often acct 

mulate in oil heaters, particularly in installations where intermil} 
tent heating duties are required. At reasonably high oil velod 
ties and continuous flow, the carbon particles will carry along wit 
the oil, but at low or no velocity and high oil temperatures, th 
carbon particles accumulate rapidly on the tube surface. Thi 
condition can be avoided by careful regulation of the oil tent} 
perature and by closing the steam supply entirely when the “| 


= 


— 


| 


; 
| 


ow is stopped. A properly designed temperature-control valve 
ad thermostatic element will accomplish this purpose. 

Hacess Pretreatment of Process Fluids. Vapors, gases, and 
jquids are often treated before entering heat exchangers to pre- 
ant corrosion or to remove undesirable materials. In many cases 
1 excess amount of treatment is used, with the result that ex- 
pedingly heavy dirt or sludge deposits accumulate on the ex- 
aanger surfaces, decreasing the over-all heat-transfer rate to a 
eater degree than expected and sometimes causing concen- 
vated corrosion of the metal. There are cases on record where 
ithin 5 months a sludge from pretreatment for oxygen elimina- 
on reduced the over-all heat-transfer rate of boiler feed heaters 
one third of that guaranteed. In natural-gas treatment simi- 
ir heavy sludges appear in some of the exchangers and have 
en known to reduce the heat-transfer rate to less than one half 
Aat guaranteed. 


CLEANING EXCHANGERS 


The removal of the expected normal dirt accumulation is 
enerally done, either mechanically or chemically, during the 
egular shutdown periods of the entire process. For exchangers 
yhere dirt is expected to accumulate rapidly, multiple units should 
e installed and by-pass lines provided, so the entire process will 
1ot be interrupted. However, the installation of scrubbers and 
ers, and better handling of treating systems will in most cases 
iminate excessive deposits. Cleaning preparations for the 
bnormal, unexpected dirts are generally overlooked until the 
eration of the plant becomes unbalanced, at which time make- 
nift and expensive cleaning procedures are followed in order to 
eep the plant in operation. In many cases the exchangers are 
10t provided with by-pass lines, and an entire process unit must 
ye taken out of service in order to clean a single heat exchanger. 
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Sediment deposits often can be removed by backwashing with 
high-velocity water combined with air agitation. With proper 
preparation of the piping for convenient drainage of liquids from 
the unit, and arrangements for circulating cleaning solutions and 
water, the deposition of sediment or solids can be easily kept under 
control. However, the operators must first be educated to know 
the effect that dirt accumulation has upon the operation, and how 
often to clean the unit in order to maintain satisfactory over-all 
heat-transfer rates. 

When the dirt is of such nature that washing and air agitation 
are ineffective, acid-cleaning is often satisfactory and desirable. 
However, it must be done at intervals frequent enough to prevent 
complete stoppage of tubes or shell areas and should be handled 
by personnel experienced in its use, in order to protect metals 
and to obtain the best results. When the tubes become com- 
pletely plugged, acid-cleaning is not effective, and each plugged 
tube must be drilled in order to remove the deposit. 

Table 3 summarizes exchanger duties where heavy dirt ac- 
cumulations may occur. When exchangers are first installed, 
sufficient data should be taken to establish the expected tempera- 
tures and pressure drops. Similar data recorded at regular inter- 
vals by the operator will serve to detect any rapid accumulation 
of sediment or scale, and from such data the proper interval be- 
tween cleanings can be established. 


Discussion 


R. C. Utmer.'!! Mr. Clapper makes considerable reference to 
some of the deposits that have been found in fuel-oil heaters and 
other oil heat exchangers. Also, Commander Kinert mentions 


11 Technical Director, E. F. Drew and Company, Inc., New York, 
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TABLE 3 TYPICAL FOULING AND CLEANING PROBLEMS IN PROCESS INDUSTRIES 


Process Duty Fouling material Cleaning method To avoid excess dirt accumulation 
F : : i: Install filter before cooler. Streamline? liquid flow 
tutomobile plant Quench oil cooling Mill scale Mechanical adeaeee zi a 
E Air agitate and backwash Avoid many units in parallel. — : 
yasoline plant eee Sludge, scale en ae, Ab einen ahaa pumping head to maintain correct water 
| at tely plugged tubes ow. 
4 rill comple 


‘ Solution exchanger Tron-sulphide sludge 


Air agitate and backwash 


Remove sediment from gas before treating. Keep 


zas-treating plant 


c Solution cooling Scale from water 


Acid clean 


liquid velocities high. 


“a i : Control oil temperature. Keep oil velocity high 
Oil heating Carbon deposit Circulate solvent Seah ionabegulitions 
— Oil cooling Wax from oil Chemically clean Recirculate water to maintain design temperature 
: aM 

Jacket-water cooling | Scale and sludge Air agitate chemically clean and velocities. 
~—- 


Yoke plant Vapor condensing Naphthalene 
; 


Dissolve by hot water or steam 


Remove naphthalene before condenser. Recircu- 
late water to maintain design temperature and 
velocities.a 


aper mill 
2 


Char water heating Suspended paper 


Streamline® the liquid flow passages; keep velocities 


Mechanical nea 


gn. 


Avoid overtreatment in feedwater stream. Com- 


ower plant Feedwater heating Sludge from treatment | Acid pletely eliminate treatment when possible. 
7 . 5 ‘ : ‘ Streamline” all space to prevent fouling and con- 
‘ood products vet Teepe Vegetable-oil deposits Acid tainination of product. 
3 4 Air dry all steel surfaces and seal all connections 
Beneer manu- i ae soda sireantoxide INGE! Weed guest 

actur ‘ 
j ‘ ; Streamline* the flow passages. Keep velocities 

Heavy-oil exchanger | Coke deposit Mechanical igi 


etroleum refinery 


Vapor condensing 


Products of ammonia 
treatment 


Flush with large volume of 
water 


Avoid overtreatment. 


Oil cooling 


Clay 


Mechanical 


Streamline? the flow passages. Keep velocities 


igh. 


Wax 


Dissolve with heat 


Scale and sludge 


Air agitate—acid clean 


Recirculate water to keep velocities high. _Provide 
required water quantity under all conditions. 


imi inimum i i irecti f flow, and should 
| jeni i eliminate or reduce to a minimum sudden changes in velocity or direction 0 7 
ie ‘ne’’ as used here, signifies flow passages designed to 
enc A aco inar Po ‘“viscous’’ flow. 
ot be confused wit aminar 
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that there has been a considerable problem, especially with some 
of the tarry residues, in heat exchangers and oil heaters. 

We have done a little work on the chemistry of this subject and 
believe that such an approach is necessary to obtain success. One 
of the first problems was to set up a laboratory piece of equipment 
which would simulate field conditions. Fig. 5 shows the setup 


Fie. 5 Equipment Usrp ror Fourine Trsts 


(A, Storage tank; B, Oil pump; C, Constant-temperature bath; 
D, Thermometer.) 


finally decided on. Oilis pumped from the bottom of the storage 
tank through a steel coil immersed in a constant-temperature oil 
bath. This coil simulates a fuel-oil heater or an oil heat ex- 
changer. The oil passes out of the steel coil, through a section 
where there is a thermometer by which the oil temperature is 
measured, back to the top of the storage tank and is recirculated. 

Oil was circulated through the coil at the rate of 550 ml 
(0.145 gal) per min, equivalent to a velocity of 26.9 fpm. The 
volume of oil being circulated was measured accurately, and the 
rate of pumping maintained constant by throttling the valve in 
the supply line. 

In interpreting results of a run, we reasoned that since oil is 
circulated through the coil at a constant rate, and since the heat 
input is constant to the coil, the temperature of the oil leaving the 
coil should remain constant provided the coil remains clean. On 
the other hand, if sludge or some other accumulation forms inside 
of the coil then the temperature of the oil would be expected to 
drop. Preliminary tests indicated that with proper agitation of 
the oil in the constant-temperature bath, and by using a good 
grade of oil, no deposit formed on the outside of the coil. Also, 
nonferrous metals appeared to act about the same as steel with 
respect to adherence of sludge. , 

Fig. 6 shows a typical plot of the temperature of the oil leaving 
the coil against days. It will be noted that it takes about 8 or 10 
days to get the system up to constant temperature, namely, about 
165 F. Then for about another 20 days it will be noted that the 
temperature gradually drops and at the end of about 25 days the 
drop has leveled off and the temperature is more or less constant. 
The drop of temperature indicates that deposition of material was 
taking place inside the coil and decreasing the heat transfer. 

Next, a study of the type of deposit that formed in the coil was 
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Fie. 6 Furu-O1n Foutrne Test 


made. 


sludge has been referred to mostly as a tarry residue. We vw 


It will be noted that in the papers of this Symposiu | 


very much surprised to find that “tar” is not the chief constitug®) 


commonly encountered. Rather, the chief material which | 
posits is an oil-water emulsion. Emulsions of this kind may jj 
as high as 50 parts of No. 6 or Bunker C oil to 50 parts of way 
That such sludges readily form can be demonstrated by a sini 
laboratory experiment. When oil and water in about the r 
referred to are stirred very vigorously, the material will se 

and will not even pour. This is the type of sludge that was fo 
to be most common from oils in present usage. 

Much of the emphasis in this Symposium has been on mean 

removing such deposits from heat exchangers. It would! 
highly desirable to prevent such deposits, and we have given sq 
consideration to preventive measures. We refer to the use of a 

tives in the oil during operation, to prevent the deposition of t | 
sludges. In recent years there has been a lot of talk about thi} 
additives and some very extravagant claims have been made. | 
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the first place, normally only about 1 pint of the additive is addi 


le 
per thousand gallons. It is a little difficult at first to see i i 


such a small amount of the additive could have much effect, | 
if rather unstable emulsions are present it is a little bit easie1 
understand the action of the additive. Actually, it is not 
quired to dissolve the deposit but only to break the emulsion. 

We made some tests with oil additives and with an effect 
material obtained a condition such as shown in the right-hand p 
tion of the curve. When the temperature had ‘‘leveled W . 


eee TES 


after some 30 days, an oil additive was added at the rate of 1 ut 


per thousand gallons of oil. It will be noted that in the coursé 
several days the oil temperature increased to its original val|) 
indicating that the deposit was removed. Note that it was 
removed immediately; it took a matter of days. We expll 
this on the basis that the additive actually was breaking } 
emulsion which had deposited on the coil. It will be noted t 
once removed the additive prevented redeposition of sludge] 
indicated by no decrease in temperature. This indicates tii}! 
the surface remained clean. 

Really, when one considers this situation a little bit further, 4})) 
dosage of 1 pint per thousand gallons of oil is not so unusul} 
For example, it amounts to about 150 ppm. Certainly, for 4] 
ample, in water treatment, we normally maintain much lov), 
tolerances in the case of phosphate and sulphite and yet we ||| 
obtain quite marked effectiveness. | 

There is another way in which the oil additives can be used. Wi 
refer to a system that is fouled with an oil sludge such as mé 
tioned here and where it may be desirable to clean the eq 
ment without taking it out of service. In many cases, if the de | 
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(ge of additive is increased to possibly 10 times the one given, and 
| dded ahead of the oil heater or oil heat exchanger, in a matter of 
Jossibly a week or even a shorter period, most of the deposit can 
fe removed and the operating characteristics of the heater prac- 
cally restored to normal conditions. If the heater is out of serv- 
pe, the oil can be drained out, the heater filled with the additive 
ind after 8 to 24 hr, the deposit will be loosened and no further 


OULING exerts a major influence on the design of heat ex- 
changers. The five main factors affected are the heat-trans- 
jer rate to be used in design, the metal to be used, the size and 
ype of tube to be used, the tube-bundle design, i.e., fixed or 
loating, and the ease of disassembly for cleaning. Each of these 
actors will be considered separately. 

i Huat-TRANSFER Rate Used In DESIGN 

ty The performance of almost any heat exchanger varies widely 
wer the Jife of the equipment, but the designer actually can cal- 
pulate only the clean heat-transfer rate and must estimate the 
service heat-transfer rate. The design as finally chosen is the 
esigner’s best judgment of the amount of fouling to be prepared 
or in service, with any further fouling to be taken care of by clean- 
mg the equipment. For example, a given liquid heater may oper- 
vte at an over-all coefficient of 200 when new and about 100 when 
fully fouled. The designer may decide that 125 is a good value 
for a service heat-transfer coefficient, on the premise that a value 
as low as 100 represents bad practice. 

“Many exchangers, built of stainless or nonfouling metals, oper- 

ate substantially clean at all times. This may be due to the 
peration itself being clean in nature, such as cooling clean or- 
ganic solvents by means of clean water, or it may be due to clean- 
ng the equipment thoroughly between runs, as is done for milk or 
yeer coolers. On the other hand, some exchangers foul substan- 
‘ally very quickly, and thereafter operate regularly in a highly 
‘ouled condition. Tests at the University of Illinois on vertical 
ammonia condensers (8) showed that the performance drops about 
ne third in the first few hours of operation then levels off to a 
ather stable condition. 
For design, the clean rate usually is calculated first and then 
Ouling resistances are applied. The most widely used fouling 
actors are those of TEMA but most designers also have tables of 
ouling factors which represent their own experience. Tn some 
ases experience, or rule of thumb, has developed combination 
iim rates and fouling factors. For instance, on ammonia or 
a condensers the lump sum of condensing film and surface 
ouling resistance is known, while the breakdown between the 
wo is open to argument. So, in design of these condensers the 
etal resistance, and waterside film and fouling rates are cal- 
ulated in the conventional way, but the refrigerant-side film and 
ouling rates are combined. ’ ; 

The same method is used in the design of freon and ammonia 
oolers for brine and water where the boiling film rate is combined 
vith the fouling rate. Experience shows the combined value to 
e correct but the breakdown between the two is not clear. This 
Iso may be said for the design of ordinary steam water heaters, 
there submerged or partial boiling may take place and completely 


pset conventional calculations. 
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cleaning required. By such methods time can often be saved, 
and expensive chemical cleaning operations eliminated. 

A word of warning perhaps is warranted regarding the use of 
additives. We have found many to contain high amounts of 
diluents such as kerosene and fuel oil. Also, most of those which 
we have encountered will not appreciably attack oil-water emul- 
sions. Specially formulated additives containing specific wetting 
agents and detergents were found to give the best results. 


Influence of Fouling on Design 


By R. M. ARMSTRONG,” PANEL LEADER 


Meta To Be Usep 


The TEMA fouling factors do not differentiate between steel, 
which fouls easily in most cases, and copper or other nonfouling 
materials. There is, however, a considerable difference in the 
amount of scaling under the same fluid conditions, when the tube 
metal is changed from stee] to copper or some other nonfouling 
metal. A gain of as much as 30 per cent may be obtained in a 
number of heat-transfer operations by merely changing the tube 
metal from one which supports fouling to one which does not. 
Normally, in water service at least, steel supports fouling, while 
stainless steel, copper, brass, monel, cupronickel, and some other 
metals do not lend themselves easily to the attachment of scale 
and give much better results. Bimetal tubes can cut down foul- 
ing materially where the process fluid demands steel because of 
corrosion. Their use may allow a higher service heat-transfer 
rate, resulting in a smaller heat exchanger. In picking metals, 
the designer also must bear in mind that if the equipment is to 
be cleaned chemically it must have some resistance to the inhib- 
ited acid, caustic solvent, ete., that will be used in the cleaning 
operation. 

During the panel discussion it was suggested that preferen- 
tial fouling might be induced in a manner similar to preferential 
corrosion. While such a procedure might be possible it does not 
appear attractive. For one thing, the amount of material availa- 
ble for fouling usually is so large that a reasonably sized surface 
would not remove it effectively. Filters or pretreatment seem to 
be the indicated solution. In one sense the heat-transfer surface 
itself is an area of preferential fouling due to its difference in 
temperature, and any other preferential-fouling area would have 
strong competition for the fouling material. 


Size AND TypPE oF TUBE TO BE USED 


When equipment operates clean at all times, small tubes and 
helical coils offer very high heat-transfer rates and compact 
equipment. If fouling is likely to be encountered, such designs 
become inadvisable and larger tubes of straight design open at the 
ends for access are more desirable. A small tube closes up more 
rapidly with the same amount of fouling, and may lead to very 
much greater pumping and friction losses compared to design 
conditions. The helical-coil-type exchanger can be made very 
efficient and compact for clean applications or for duties where 
chemical cleaning can be carried out successfully. Where fouling 
is appreciable the problem is difficult to solve, and inspection of 
the inside of the tubes is very difficult. 

Most finned tubes work best in clean fluids. When fouled, the 
space between fins becomes filled and the amount of surface in 
effective contact with the fluid is a much lower percentage than on 
a bare tube. Finned tubes which have wide spaces between the 
fins are less affected by fouling, but they are also mostly adapted 
to low-efficiency operations. U-tube bundles are inexpensive and 
allow freedom from thermal expansion stresses, but cleaning the 
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inside of the U-bends by mechanical means is very difficult. 

The least difficulty from fouling is to be expected when tubes 
are straight, smooth surfaced, not over 12 ft in length, at least 1 
in. inside diameter, and open for access at each end. 


TusBr-BUNDLE DESIGN 


In theory, a removable bundle is required for mechanical clean- 
ing of the outside of the tubes, and preferably the tubes should be 
arranged on a square pitch. In practice, many users cannot re- 
move a tube bundle in the field without a great deal of effort and 
expense. Bundles are often very heavy, the baffle and shell may 
be corroded and irregular, and the accumulation of dirt and scale 
inside the she]l may make it very hard to pull the bundle in the 
field without damage. Therefore in many cases tube bundles 
are seldom removed and many removable bundle units are built 
with staggered tube pitch to get more surface in a given shell, 
even though cleaning is to be done by mechanical means. In 
some cases it may even be more economical to use a fixed-tube- 
sheet exchanger and plan to renew the whole exchanger when it is 
worn out. When a shell is worn the dimensions are no longer the 
same as when the shell was new. Since it usually is impracticable 
to measure these dimensions, the replacement tube bundle often 
does not fit nearly as well in the old shell as the original bundle 
fitted into the shell when new. In many cases then, the floating 
bundle can be considered more a feature to take care of thermal 
expansion stresses than to provide for cleanability of the outside 
of the tubes. 


The flow pattern of the shell-side fluid may sometimes change 
considerably due to fouling. For instance, the fluid may by-pass 
through the crack between tube and baffle hole when the unit is 
clean, thus operating partly in crossflow and partly in “orifice”’ 
flow, but when the equipment becomes fouled, these cracks may 
be stopped up, causing pure crossflow. Few experimental data 
are available to demonstrate the effect of this change upon the 
heat-transfer rate, but it is obvious that the change will materially 
affect the pressure loss in the equipment. When the fouling is of a 
type that this change is suspected, proper allowance must be made 
in calculating design pressure loss. 

When designing the shell side of an exchanger, some allowance 
for fouling can be made by placing the pitch of the tube arrange- 
ment in a horizontal manner and making the baffle cuts vertical to 
allow some movement of the fouling material through the shell. 
Square tube pitch is used and any wide lanes in the tube arrange- 
ment are to be avoided. 


EASE OF DISASSEMBLY FOR CLEANING 


Where fouling is immediate and severe, it may be good design 
to put the fouling medium inside the tubes, design a bundle not 
over 12 ft long and use quick-opening bonnets. For instance, in 
heating milk, tomato juice, and other food products, there is 
appreciable fouling from the start. Such exchangers should have 
swing bolted or other quick-closure designs allowing quick access 
for cleaning out the stone or scale every few hours. In other 
operations, often with pharmaceuticals such as penicillin and 
streptomycin, the residue left from one batch wilt ferment and 
contaminate the next batch if not cleaned out of the tubes be- 
tween batches. Here also, quick-opening heads are used, and it is 
desirable to use fairly large tubes for easier cleaning. 

Although disassembly is not ordinarily required for chemical 
cleaning, there remains the, problem of inspection after cleaning. 
The suggestion made during the discussion that easily removable 
inspection plates be added on the shell and heads is a possible solu- 
tion, but it would involve considerable expense and each case 
would have to be considered on this basis. 
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Cost oF FouLING TO THE USER 


It is not hard to calculate the saving in operating cost betwee 
clean exchanger and a dirty one. In practice, however, often 
only reason a condenser or exchanger is cleaned is that the syst 
begins to lose its function or capacity so badly that the w 
plant is disturbed. Therefore many exchangers are operat. 
as a regular thing at much below their proper rates, and usual] 
the saving to be obtained from cleaning is a good deal more th 
the cost of periodic cleaning. The heat-exchanger manufact 
can do his bit to remedy this situation by making it possible 
the user to clean the equipment with reasonable ease, and |} 
pleading with the user for his own sake to do the cleaning in or¢§}p) 
to keep efficiency high. ' 


Discussion 
A. Wourster.'? The information presented regarding the fojf)" 
ing of heat exchangers is of interest and no doubt will stimulé 
future investigations of this subject, but to be of value, such 
vestigations must be accurate and the data must be convertih 
to other exchangers of the same or similar design. 
Fouling factors as now used, while allowing for the type of fojfi" 
ing, do not give consideration to the tube material. They al i 
do not include any allowance for the individual designs and thi i 
effect upon the fouling tendencies. For example, the fouling fa} 
tors given by TEMA are planned to be applicable for gener 
purposes and for this reason, in many cases, will either be t 
conservative or will not provide adequately for severe foulil# 
conditions. The point is, that particularly where the fouling} 
on the shell side, it will depend to a great extent upon the effect | 
the design of the exchanger upon the distribution of the fluids) 
the tube surfaces. 
In recent years, users in considering fouling problems have 
come more conscious of the importance of the design of exchangd 
on the shell side. For examp!e, if a shell is bored and the circu 
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type of design reduces to a minimum the by-passing of the shi 
fluid between the shell and the circumference of the baffles due |} 
large pressure differences caused by the accumulation of slud 
and dirt on the outside of the tubes. Further, proper ba 
stripping in the annular space between the tube circle and tl] 
inside diameter of the shell will force the fluid into the tube banki# 
and in combination with a close fitting tube bundle, will utilil}} 
the pressure differences between the baffles to force the foulis}) 
materials through the exchanger. This is not the case for 4}| 
exchanger in which the shell is not bored and the tube bundle fil] 
loosely and is poorly designed. 

On the tube side of an exchanger, fouling is greatly affected 
the head design. For example, in an exchanger handling a vill} 
cous tar and having a small straight inlet connection, the til! 
will pass freely through the center tubes opposite the connectiol}) 
while the tubes in the circumferential area will become clogged | 
a short period of time. In this case a side inlet connection wil) 
provide much better distribution of the tar into the tubes, with til} 
fouling taking place uniformly and being greatly reduced. | 

As is generally realized, the velocity of the fluid, whether in t 
tube or shell side, has a great effect upon its fouling tendencieé 
In this respect large amounts of excess surface may have a det: | 
mental, rather than a beneficial effect. Here the question arist| 
as to the best way to apply this surface; whether to increase tll. 
number of tubes and thereby reduce the velocity—or lengthen tll}; 
tubes, which makes cleaning more difficult. If the coolin | 
medium quantity is controlled by the outlet temperature of tl] 
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luid being cooled, the excess surface introduced by the fouling 
actor tends to accelerate the fouling action by reducing the 
lirelocity of the cooling medium. 

} Considering the foregoing points, it is obvious that any data 
jpbtained from tests made for the purpose of determining fouling 
factors, must include accurate information on the design of the 
heat exchanger. If the fouling is on the shell side, all design de- 
Hails of the tube bundle must be known, including the tube ar- 
#-angement, the clearance between the inside diameter of the shell 


foaffle stripping, the baffle arrangement, the velocity at various 
boints, etc. If the fluid passes through the tubes, the head de- 
jsign and connection arrangement, as well as the fluid velocity, are 
#mportant. Only by knowing the operating conditions and the 
(type of fouling, as well as the exact exchanger design details, is the 
jinformation of value and convertible for use in the determination 


CLOSURE 


}) The interest displayed throughout the Symposium was gratify- 

ing to the sponsors, and it is felt that a worth-while contribution 
)was made in summarizing the present state of knowledge in the 
field. On the other hand, very little was accomplished in compil- 
ing a systematic record of test data on fouling, or on formulating 
plans for future studies. It is this latter phase of the problem 
which warrants serious consideration. Progress in the field proba- 
bly will be slow and will be extremely expensive if tests are to 
‘be carried out on large-scale equipment over extended periods. 
One approach to the problem would be to encourage the compila- 
tion of plant data on new exchangers as proposed by several of 
‘the panel speakers. These records, however, would not be of 
| general benefit unless published or submitted to some central 
group for correlation and comparison. 

Another approach to the problem is through chemical investi- 
gations such as reported by Dr. Ulmer in his discussion. This type 
of research would be less expensive to maintain but the extent of 
the field again indicates that the work should be done at several 
locations and could be handled more efficiently if there were some 
central advisory group to co-ordinate and encourage the work. 
Some stimulation appears necessary if, in a reasonable time, the 
solution of the problem is to advance from the era of fragmentary 
knowledge, improvised remedies, and unpredictable performance, 
to a state where principles of design and operation are well estab- 
lished and are able to eliminate or substantially reduce the fouling 
of heat exchangers. 
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